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ABSTRACT
ESTUARINE WATER COLUMN FfLTRATfON BY ZOSTERA MARINA L.
(EELGRASS) AND CRASSQSTREA VIRGINICA (EASTERN OYSTER)
By
Paul David Sokoloff
University of New Hampshire, May, 2009
Zosfera marina L., eefgrass, and Crassosfrea virginica, the eastern oyster,
alone or in combination, can have a significant effect on the clarity of estuariiie
waters. A mesocosm study was utilized to investigate the filtration capabilities,
the rate of particle removal from the water column, using several fractions of the
naturally occurring seston. A series of experimental seston additions were made
to twelve mesocosm tanks with the four treatments of eelgrass alone, oysters
alone, eelgrass + oysters and no eelgrass or oysters (control) to determine the
rate of water column filtration. The results demonstrated differences in the
capability of the four treatments to remove the various fractions of the seston
from the water column. The filtration rates calculated from the experimental
seston additions to the treatments of eelgrass alone and oysters alone were
applied to Great Bay, N.H., U.S.A. to determine the potential filtration of these
two important estuarine species.
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Introduction
Seagrasses serve many roles in an estuary: nursery habitat for
commercial and recreational fisheries, basis of a food web, and sink for nutrients
(Green and Short 2003, Larkum et al. 2006). Seagrasses also stabilize
sediments through the reduction of current and tidal energy to nearly zero at the
sediment surface within seagrass beds (Scoffin 1970) and bind sediments with
the belowground structures of the plants (Ward et al. 1984), functions which limit
the erosion and resuspension of marine sediments (Fonseca et al. 1982, Short
and Short 1984, Ward et al. 1984, Agawin and Duarte 2002, Mellon? et al. 2002,
Newell and Koch 2004). The role of seagrass in limiting resuspension and
erosion is critical to its own survival, because as suspended sediments increase
in the water column, the amount of light reaching the seagrass canopy decreases
(Short and Short 1984, Dennison et al. 1993, Moore 2004). Light is critical to the
survival of seagrass because of its role in photosynthesis and plant growth
(Dennison etal. 1993).
i
r

•

•

•

Another important role of seagrass is its filtration of the water column; it
has the ability to remove nutrients and seston from the water column, thus
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improving water clarity (Short and Short 1984, Ward et al. 1984, Gacia et al.
1999, Asmus and Asmus 2000,, Gacia and Duarte 2001, Agawin and Duarte
2002). Seston is composed of all particulate matter in the water column including
suspended sediments, phytoplankton, and organic detritus. Studies have

demonstrated the capacity of seagrass to remove suspended sediments
)

.

.

•

•

'

.

•
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(suspended benthic sediments and land derived sediments due to run-off) from
the water column faster than settlement alone (Short and Short 1984, Ward et al.
1984, Gacia et al. 1999, Agawin and Duarte 2002). Due to recent seagrass
declines (Short and Wyllie-Echeverria 1996, Green and Short 2003), it is critical
to establish what ecosystem services are being lost with the destruction of this

habitat
Settlement of seston from the water column is controlled by three

interacting processes: gravity, adhesion/attachment, and current velocity.
Settlement over unvegetated benthic habitats is controlled by gravity, the process
of particles falling out of suspension due to the force of gravity pulling them to the

sediment surface. In order for the gravitational settlement of particles to take
place, the force of gravity must overcome the water movement (currents) keeping
the particles in suspension (Fonseca et al. 1982, Koch 1999, Mellors et al. 2002).

In seagrass meadows, two processes interact with gravity to control the filtration
of the water column: the first is the attachment of suspended particles to the
blades of seagrass (Agawin and Duarte 2002) and the second is the reduction of

water velocity by the physical structure of the seagrass canopy (Fonseca et al.
1982, Ward et al. 1984, Fonseca and Fisher 1986, Gambi et al. 1990, Grizzle et
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al, 1996, Gacia et al. 1999, Granata et al. 2001, van Keulen and Borowitzka
2002, Abdelrhman 2003, Peterson et al- 2004, Fonseca and Koehl 2006).
Attachment of particles to the blades of seagrass occurs when particles settle on
the leaves of individual shoots; this process is enhanced by the epiphyte
communities that form on these blades, and often produce sticky

-

polysaccharides that adhere the particles to them (Agawin and Duarte 2002).
The reduction in current velocity caused by the physical structure of the seagrass
canopy and corresponds to a reduction in the ability of the water column to hold
sediments in suspension, i.e., a reduction in carrying capacity (Fonseca et al.
1982, Mellors et al. 2002). The reduction in the carrying capacity within the
eelgrass canopy leads to increased particle settlement.
Seagrasses are not the only organisms that have the ability to affect
sedimentation and particle removal rates; numerous other biological filters inhabit
estuaries, including suspension feeding bivalves (Loo and Rosenberg 1989,
Dame and Libes 1993, Gerritsen and Irvine 1994, Cressman et al. 2003, Nelson
et al. 2004, Coen et al. 2007) such as Mytilus edulis, blue mussel, Mercenaria
mercenarta, hard clam, Geukensia demissa, the ribbed mussel, Mya arenaria,
soft shell clam, Argopecten irradians, bay scallop, and Crassostrea virginica,
eastern oyster. Suspension feeding of bivalves removes seston from the
estuarine water column, improving water clarity and providing an active link
between the benthic and pelagic zones (Shumway et al. 1985, Short 1992,
Cressman et al. 2003, Nelson et al. 2004, Grizzle et al. 2006). Like many other
bivalves, the eastern oyster is an active suspension feeding bivalve, pumping
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water through its gills by alternately expanding and contracting its cilia. As the
water passes through the oyster's gills, particles are trapped and filtered out of
the water by the gill structure. The particles are then transported into the mouth
for ingestion or rejected as psuedofeces (Ward and Shumway 2004).
Suspension feeding by Crassostrea virginica, the eastern oyster, can
remove a significant amount of seston from the water column and deposit it on
the bottom (Cressman et al. 2003, Nelson et al. 2004, Newell and Koch 2004,
Grizzle et al. 2006, Coen et al. 2007). Deposits from the eastern oyster take two
forms: 1) feces, the waste product deposited on the bottom following an oyster's
ingestion and digestion of food particles and, 2) psuedofeces, mucus-bound
material that is rejected from the oyster's gills before ingestion. Psuedofeces are
a result of the oyster's ability to differentiate between organic food particles and
inorganic non-food particles (Newell and Jordan 1983, Shumway et al. 1985,
Ward and Shumway 2004). in high energy areas, the deposits of feces and
psuedofeces can become resuspended and decrease water clarity (Newell and
Koch 2004). However, in areas where seagrass and bivalves coexist, the
reduction of current speed by seagrass (Gambi et al. 1990, Grizzle et al. 1996,
Peterson et al. 2004) could potentially limit the resuspension of these materials
and help to preserve the improved water clarity resulting from the active
suspension feeding of oystersFiltration of the water column by the eastern oyster is dependent upon the
composition of the seston, specifically particle sizes and the amount of
phytopiankton, in suspension in the water column. Oyster filtration is related to
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the capture efficiency of oysters for certain particle sizes (Haven and MoralesAlamo 1970, Riisgard 1988, Newell and Langdon 1996, Ward and Shumway
2004); capture efficiency can be defined as how effective oysters are at capturing
particles of a certain size, or what percentage of a given particle size is removed
from the water an oyster takes in as it feeds. Studies have shown that the
eastern oyster can effectively remove particles as small as 0.002 mm with at
least 50% efficiency; the efficiency then increases logarithmically to some
hypothesized maximum particle size (Haven and Morales-Alamo 1970, Riisgard
1988, Ward and Shumway 2004). Beyond the maximum for oyster capture
efficiency, a particle size may be encountered by an oyster that has a negative
. . .

\

impact on filtration and particle removal The negative impact of the larger
particles may be to cause slow downs and stoppages in filtration, because of gill
clogging as a result of removing the large grain sized particles from the water
column (Newell and Landon 1996).
Seagrass meadows have long been described as sinks for particulate
matter due to their ability to reduce currents and increase sedimentation
(Fonseca et al. 1982, Short and Short 1984, Ward et al. 1984, Gambi et al. 1990
Gacia et al. 1999, Asmus and Asmus 2000, Granata et al. 2001, Agawin and
Duarte 2002, Mellors et al. 2002, Peterson et al. 2004). The paradigm has
largely been based on analyses comparing benthic sediments within seagrass
meadows and those from nearby unvegetated habitats, as well as flume and field
studies documenting the ability of the seagrass canopy to reduce current speeds
(Fonseca et aL 1982, Gambi et al. 1990, Peterson et al. 2004) and studies that

. 5
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documented direct particle trapping by seagrass meadows (Short and Short
1984, Ward et aJ. 1984, Gacia et al. 1999, Gacia and Duarte 2001, Agawin and
Duarte 2002). Ward et ai. (1984) and Gacia et al. (1999) were able to
demonstrate the settlement of particles through the use of water samples and
sediment traps, respectively; Short and Short (1984) took a more indirect and
ecologically applicable approach and measured the removal of suspended
sediments by seagrass using light attenuation coefficients. Species investigated
for their filtration capacity include: Halodule wrightii and Syringodium filiforme
(Short and Short 1984); Ruppia maritima (Ward et al. 1984); and Posidonia
oceanica (Gacia et al. 1999, Gacia and Duarte 2001, Agawin and Duarte 2002).
Given the absence of studies investigating filtration of seston in Zostera marina
(eelgrass) meadows as compared to over bare sediment, my study focuses on
water column filtration by eelgrass.
Filtration by seagrass meadows is important because light reduction in the
water column due to the presence of seston can have a number of negative
impacts on a population of seagrass (Czerny and Dunton 1995, Onuf 1996, Ruiz
and Romero 2001, Hauxweil et aJ. 2003, Holmer et al. 2005). Chronic reduction
in light has been shown to decrease the density and distribution of seagrass
populations (Czerny and Dunton 1995, Short et al. 1995, Onuf 1996, Hauxwell et
al. 2006). In addition to negatively affecting the density and distribution of
seagrass, reduction of light can alter the morphology and biomass of seagrass;
studies have shown reduction in biomass, leaf length, leaf growth, and leaf
elongation rates of seagrasses growing under low light (Dennison and Alberte

(
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.
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1982, Dennison and Alberte 1985, Dennison et al. 1993, Czerny and Dunton
1995, Onuf 1996, Ruiz and Romero 2001, Hauxwell et al. 2006). The reductions
in biomass and distribution caused by low light conditions are a result of
decreased photosynthetic output by the plants. The below ground structures
grow in an anoxic environment and require the oxygen produced during
photosynthesis to be transported through the lacunal system to the roots and
rhizomes to release oxygen into the surrounding sediment and create an
oxygenated rhizosphere (Czerny and Dunton 1995, Lee and Dunton 1997,
Holmer et al. 2005, Ruiz and Romero 2001). Lack of the production and
subsequent transport of oxygen to belowground Structures can lead to increase
in toxic sulfides as well as promote anaerobic respiration in roots (Lee and
Dunton 1997, Holmer et al. 2005). Root anoxia not only allows for the intrusion
of toxic materials into the plant but can also affect root metabolism and the
transportation and storage of carbohydrates in the roots (Lee and Dunton 1997,
Ruiz and Romero 2001, Holmer et al. 2005). Storage of carbohydrates in below
ground structures is critical to the survival of seagrass during winter arid other
times of prolonged low light conditions (Ochieng 2008). Therefore if low light
conditions decrease photosynthetic output, the consequences for seagrass go
beyond a simple decrease in carbohydrate production.
Filtration of the water column by seagrass and bivalves is also important
because of the negative effects light reduction can have on the primary producer
community of an estuary. Decreases in water clarity can substantially alter the
primary producer community within an estuary, causing a shift from benthic
•

•

•

•

'

'

'

)

7

macrophytes to a system dominated fast growing algae (Cloern 2001, Lilleba et
al. 2005, Greening and Janicki 2006). The shift in the primary producer
community due to decreased water clarity caused by large amounts of seston in
the water column is often coupled with an increase in water column nutrient
concentrations further accelerating the shift from benthic macrophytes to a
phytoplankton dominated system (Cloern 2001, Ulleb0 et al. 2005, Greening and
Janicki 2006). The shift in the plant community caused by the increased
concentrations of nutrients and seston in the water column can consequently
have a cascading effect on higher trophic levels, by removing the nursery, refuge
and habitat provided by the benthic macrophytes. The loss of seagrass and
other benthic macrophytes and the subsequent increases in phytoplankton
caused by decreases in water clarity can also lead to shifts in the nutrient cycle
of the benthic sediments, as well as promoting hypoxic bottom waters (Cloern
2001).
Filtration of the water column by the eastern oyster has been investigated
in studies similar to those by Ward et al. (1984) and Short and Short (1984). One
major difference between experiments conducted on filtration by seagrass and
those conducted using oysters is the fraction of the seston investigated. The
experiments investigating seagrass filtration have focused on suspended
sediment loads, while investigations into the ability of oysters to filter the water
column have primarily focused on the removal of chlorophyll a, a proxy for
phytoplankton biomass (Dame and Libes 1993, Cressman et al. 2003, Nelson et
al. 2004, Porter et al. 2004, Grizzle et al. 2006). Chlorophyll a is often used a
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proxy for phytoplankton biomass because it is the major pigment involved in
photosynthesis, and is therefore a good estimate of phytoplankton biomass in the
water column (Miller 2004). A limited number of studies have investigated the
effect of oyster filtration on suspended sediments, and those that have been
conducted found little-to-no significant effect on water column concentrations of
suspended sediments (Cressman et a!. 2003, Nelson et al. 2004). Other studies
have investigated the effect of oyster filtration on the entire seston load rather
than the individual components and found that oysters can significantly increase
water column light penetration (Newell and Koch 2004). No studies have
, measured the filtration of eelgrass and oysters in the same location or using
multiple fractions of naturally occurring seston for both organisms.
The use of mesocosm experiments provides the ability to test aspects of
the natural environment in such a way that all factors but one can be held
constant and the desired experimental factor can be manipulated. In practice,
mesocosm experiments can be used to manipulate environmental conditions that
would either be impossible or extremely difficult to isolate in the field (Drake et al.
1996, Lawton 1996). Numerous studies have used mesocosm experiments to
investigate the ecology of eelgrass, manipulating factors such as nutrients (Short
1987, Burkhoider et al. 1992, Burkholder et al. 1994, Short et al. 1995, Taylor et
al. 1999), sulfides (Holmer et al. 2005), disease (Buchsbaum et al. 1990, Burdick
et al. 1993), and light (Short et al. 1995, Holmer et al. 2005), one aspect of
eelgrass ecology not investigated in mesocosm or field experiments is it's ability
to filter the water column.

9

Mesocosms were used during the current experiment to investigate the
filtration of eelgrass and oysters in a controlled environment. The objective of the
experiment was to determine the rate of filtration, particle removal, for eelgrass
and oysters alone and in combination in the presence of large amounts of
different fractions of seston. Particle removal was measured as the increase in
percent light reaching ten centimeters above the sediment-water interface over
time. The fractions of seston studied were silt, clay, mud, and mud +
phytoplankton. Silt, which is a large component of terrestrial run-off entering
many estuaries during heavy storms (Anderson 1980, Anderson and Mayer
1984, Short 1992, Ward and Bub 2005), was used to investigate the rate of
particle removal from the water column in the presence of eelgrass and oysters
alone and in combination. The use of clay as a seston addition was done to
investigate the rate of filtration for biological filters such as eelgrass and oysters
in the presence of a particle with a smaller grain size. Mud, a combination of'silt,
clay and a number of other particles, was used as a seston addition because of
its prominence in the total suspended solid (TSS) loads within the Great Bay
Estuary. A combination of mud + phytoplankton was used as an experimental
addition to mimic summer conditions within the Great Bay Estuary, when mud is
the dominant component of the TSS although phytoplankton is present
(Trowbridge 2006). Four treatments (eelgrass alone, oysters alone, eelgrass +
oysters, and no eelgrass or oysters (the control, i.e., bare sediment)) and four
seston additions (silt, clay, mud, and mud + phytoplankton) were investigated to
determine the rate of particle removal from the water column.
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Methods
Mesocosm setup and experimental design
Twelve 1m3 fiberglass mesocosm tanks located adjacent to tf?e Jackson
Estuarine Laboratory (043° 5.53'N 070° 51.85'W) in Durham, New Hampshire
were filled with a one-to-one mixture of sand and organic mud to create a
substrate ten cm deep. Each mesocosm tank had a constant supply of flowing
seawater pumped from Little Bay, NH at a rate of 30 L • h"1. In each tank, two
pumps were placed in opposing corners. A Little Giant Pump was placed in the
northeast corner of the tank facing south, with a flow rate of 0.34 L • sec"1, and
fitted with a diffuser attached to the outflow end of the pump. In the southwest
corner of each tank, a Maxi Jet Pump, with a flow rate of 0.26 L • sec"1 was
placed with its outflow facing north (Figure 1).
Two-hundred eelgrass shoots were planted per tank; all shoots were
collected from the floating wrack in Furber Strait at the mouth of Great Bay; the
shoots, from meristem to leaf tip, were less than 30 cm at the time of planting.
Plants were allowed to grow in the tanks for a period of three months to reach a
density typical of eelgrass,in the estuary, 500 shoots • m"2 (Short et.al. 1993). A
complete randomized 2 x 2 factorial design was employed to investigate the
filtration rates of eelgrass and oysters. A random number generator was then
used to assign one of four possible experimental treatments to the mesocosm
tanks: eelgrass alone, oysters alone, eelgrass + oysters and no eelgrass or
oysters, the latter serving as the control to monitor the rate of gravitational
settlement of particles. Shoot counts were then conducted on the tanks assigned
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the treatments of eelgrass alone and eelgrass + oysters; eelgrass was removed
from the three tanks assigned a treatment of oysters alone and from the three
tanks chosen as controls. Sixty-four individuals of Crassostrea virglnica, the
eastern oyster, were placed in each tank (43 oysters • m'2) assigned the
treatment of oysters alone or eelgrass + oysters. All oysters had an initial shell
height between 90 and 1 lb mm; all shell heights were recorded prior to the

y

placement of the oysters in the tanks. All oysters were collected from the
Squamscott River in Newmarket, New Hampshire. Two hundred snails,
llyanassa obsoleta, as well as two three-spine sticklebacks, Gasterostreus
aculeatus, were placed in each tank to control epiphytes and amphipods,
respectively.
The experimental seston additions used to test the rates of filtration for
eelgrass and oysters, alone and in combination, included silt, clay, mud, and mud
+ phytoplankton. Silt was defined as having a grain size 3.9-8.0 urn (Wentworth
1922) and was obtained from the laboratory supply company Ward's Scientific^.
The seston addition of clay was red potter's clay from the Resco Cedar Heights
Company; the grain size was less than 3.9 um (Wentworth 1922). The organic
mud that was used as a seston addition was collected from the mud flat adjacent
to the Jackson Estuarine Laboratory, with grain size of 9.0-17 um (Webster
1991). The combination of mud + phytoplankton consisted of Reed Mariculture
Instant Algae Shellfish Diet 1800® and organic mud collected from the mud flat
adjacent to the Jackson Estuarine Laboratory. The Reed Mariculture Instant
Algae Shellfish Diet 1800® contained approximately two billion cells per mL and

the following organisms (dead): 25% Isbchrysis spp., 20% Pavlova spp., 30%
Thalassiora weissflogii, 5% Nanochlompsis spp., with a mean cell diameter
range of 0.002-0.005 mm.
i

Four experimental additions of seston were conducted. During each
addition, a solution of the desired seston and bay water was added to each tank.
The order of the experimental additions was randomly determined, with the
addition of mud taking place on 6 September 07 followed by an addition of silt on
9 September 07. The addition of clay took place on 11 September 07 and oh 24
September 07, the combination of mud and phytoplankton was added to the
tanks.
<
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Experimental Methods
Twenty minutes prior to the start of the experiment, two light
measurements were made, one underwater in each tank, ten centimeters above
the sediment-water interface and one surface light measurement, to determine
the percent light reaching ten centimeters above the sediment-water interface.
Each tank was outfitted with a light logger (Onset Corporation) deployed in
watertight housing. The light logger in the tank was attached to a metal frame
and the sensor was placed ten centimeters above the bottom and twenty five
centimeters from both the north and east walls of the mesocosmtank. The
sensor used to record surface light was placed on a 1.83m stake that was then
attached to a fence post; the surface light sensor was located adjacent to the
tanks, approximately five meters away.

Following the pre-treatment light measurements, the experimental
additions of seston were made to all twelve tanks. The solutions were created by
making a fifteen liter batch of each, from which one liter was taken for addition to
each tank. The fifteen liter mixture was stirred continually for five minutes, and
again before taking each sub-sample. To ensure all seston was added to the
tanks, the one-liter bottles were vigorously shaken for ten seconds immediately
prior to pouring the seston solution into the tank.
Additions were made to the tanks by gradually pouring one liter of seston
solution into each tank in a counterclockwise direction, starting in the southwest
corner and allowing the currents created by the pumps to mix it throughout the
tank. One addition was made per experimental run and a minimum of twentyfour hours separated experimental runs to ensure all seston had settled out of
the water column. Following the seston additions, light intensity was recorded by
the data loggers above the surface and within the tanks ten centimeters above
the sediment-water interface every minute for the next hour. The light
measurements were used to calculate the percent surface light reaching ten cm
above the sediment-water interface in the tanks. To ensure accurate subsurface
light readings, the light sensor housing was brushed off every twenty minutes to
remove any particles that had settled on the housing.
Current Measurements
In order to describe the current regime within each of the experimental
mesocosm tanks, a Marsh-McBirney, Inc. Model 201M portable water flow meter
was used to measure the current at six locations in each tank. Four of the six

•'.."'.

1 4

locations were fifty centimeters from the ends of each tank and were
approximately twelve centimeters from the wall. The final two measurements
were taken midway along the north and the south walls, twelve centimeters from
the wall (Figure 1). At each of the six locations, the current was measured at two
different depths: 5 and 10 centimeters above the sediment-water interface. At
each of these depths, five measurements were taken.

I 12 cm
50 cm
12 cm

-i 1

®

.

50 cm

%

#

^^__

Figure 1. The six locations of the current measurements taken in each of the
twelve mesocosm tanks and the placement of the two pumps showing the
direction of the outflow.
Eelqrass and Oyster Processing
A subset of oysters and eelgrass was processed at the conclusion of the
experiments to quantify the biomass and physical structure present in the tanks
during the experiment Ten eelgrass shoots were randomly collected from each
tank, the length and width of the third eelgrass leaf (youngest fully mature leaf)
on each shoot was measured and multiplied by the number of leaves per shoot
to estimate the leaf area per shoot. The leaf area per shoot was then multiplied
by the shoot density, estimated from shoots counted in three 0.0625m2 quadrats
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per tank, to determine the leaf area index (LAI). One hundred and ninety-two
oysters were removed from the tanks, out of the three-hundred and eighty-four
used during the course of the experiment. The shell height of these oysters was
then recorded. The oysters' shells were opened and the soft tissue was removed
and dried in pre-weighed aluminum pans at 80°C for forty-eight hours, to a
constant weight (Newell and Koch 2004). A regression was created in order to
relate the shell height of the oysters to the dry weight of the soft tissue. Using
the regression, the total dry weight of the oysters present was calculated for each
tank during each experimental run.
Statistical Analysis
The rate at which the percent light reached ten centimeters above the
sediment-water interface in the various treatments for the different seston
additions was analyzed using an ANCOVA. In all the ANCOVAs conducted,
percent light reaching the specified depth was the response, the experimental
factor was treatment type and time after addition was the covariate. For all
ANCOVAs where the interaction term of time x treatment type was significant,
post-hoc analysis was done, employing pair-wise ANCOVAs in order to
determine between which treatments significant differences occurred.
Using the mean current speed at each depth, a mean was calculated for
the six locations within each tank, and a single mean was calculated for each
tank from the six location means. The current speeds were then compared using
one-way ANOVA, to determine if significant differences existed between
treatments for current speed.
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The physical structure of the eelgrass present in the tanks was compared.
The mean density of eelgrass per treatment at the beginning of the experiment
following the acclimation period was compared using a t-test. The
measurements and calculations made at the end of the experiment including
eelgrass density, canopy height, biomass, and LAI, were all compared between
the eelgrass alone and eelgrass + oyster tanks using t-tests. The dry weight of
oysters calculated from the regression developed for the shell height and tissue
dry weight was compared to determine if the mean oyster biomass • tank"1 was
significantly different between treatments. Results were considered to be
significant at a p < 0.05. All data met the assumptions of parametric statistics
and was normally distributed and with homoscadastic variances.
Results
The four experimental treatments investigated (eelgrass alone, oysters
alone, eelgrass + oysters and no eelgrass or oysters (control)), removed particles
from the water column at different rates (Figure 2). The results demonstrated the
ability of eelgrass alone to increase the sedimentation rate for all seston fractions
tested significantly faster than the control treatment, regardless of particle size;
the ability of oysters alone to remove the finer fractions (silt and clay) and the
combination of mud + phytoplankton significantly faster than the control
treatment; and the ability of the combination of eelgrass + oysters to remove all
fractions of seston tested significantly faster than the control treatment (Table 1,
Figures 2, 3, 4, 5, 6). The combination of eelgrass + oysters also demonstrated
the ability to remove the finest fraction of the seston (clay) at a significantly

greater rate than either eelgrass alone or oysters alone (Table 1, Figure 5) as
well as removing silt at a significantly faster rate than eelgrass alone (Table 1,
Figure 4). The slopes of the regressions of percent light vs. time represent the
rate of seston removal for each treatment, while the y-intercept is the initial %
light and is constrained by pre-addition conditions and therefore is not compared
in the statistical analyses (Figures 3, 4, 5, 6).
Table 1. Summary of ANCOVA results comparing the rate of seston removal, measured as the
change in the percent light reaching 10 cm above the sediment-water interface, for the four
treatments (E= Eelgrass alone, 0= Oysters alone, E + 0= Eelgrass + Oysters, Control= No
Eelgrass or Oysters) investigated by experimental seston addition. Bold p values are considered
gnificanl at p< 0.05.
Seston Type
Date

Results of ANCOVA

Treatment Comparisons
(Time x Habitat)
'vj.

06-

Mud

Habitat
Time
Timex
Habitat

p<0.0001
p<0.0001
pO.0001

Silt

Habitat
Time
Time x
Habitat

p<0.0001
p<0.0001
p<G.0001

Habitat
Time
Timex
Habitat

p<0.0001
p<0.0001
p<0.0001

Habitat
Time
Timex
Habitat

p<0.0001
p<0.0001
p<0.0001

Sep-

07

9-Sep-

07

11-

Clay

Sep-

07

24Sep-

07

Mud +
Phytoplankton

E vs. control
E+O vs. O
E+O vs. control
Evs. O
O vs. control
E+O vs. E
Evs. control
E+O vs. O
E+O vs. control
E vs. O
O vs. control
E+O vs. E

p<0.0001
p<0.0001
p<0.0001
p<0.0001
p=0.8
p=0.4
p<0.0001
p=0.07
p<0.0001
p=0.9
p=0.0Q3
p=0.02

E vs. control
E+O vs. O
E+O vs. control
Evs. O
O vs. control
E+O vs. E

p=0.0003
p<0.0001
p<0.0001
p=0.6
p=0.0006
p=0.004

E vs. control
E+O vs. O
E+O vs. control
Evs. O
O vs. control
E+O vs. E

p<0.0001
p=0.05
p=0.0004
p=0.2
p<0.0001
p=0.0D08

Rate of Change in
% Light Over Time
(minutes)
E
0.57
O
0.40
E+O
0.60
Control
0.34

E
O
E+O
Control

E
O
E+O
Control

E
O
E+O
Control

0.28
0.28
0.33
0.19

0.18
0.17
0.23
0.12

0.17
0.15
0.11
0.06

'
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Figure 2. Rates of particle removal measured as change in the percent light
reaching ten centimeters above the sediment-water interface for the four
fractions of seston tested in the four experimental treatments.
Mud Addition Experiment
Eelgrass alone and eelgrass + oysters both had significant effects on the
rate of mud particle removal compared to the control in the 6 September 2007
experiment with no significant difference in rate between the two treatments
(Table 1, Figure 3). The presence of oysters alone did not increase the rate of
mud particle removal compared to the control (Table 1, Figure 3).
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E (13.53 +0.57X, R =0.76, p<0.0001)
0(12.9 +0.35X, R2=0.47, p<0.0001)
E• + O (17.88 +0.60X, R2=0.80, p<0.0001)
Control (9.43 +0.34X, R2=0.73, p<0.0001)

Figure 3. Mud addition: the regression of percent light reaching ten centimeters
above the bottom vs. time after the addition of mud in the four experimental
treatments (E=Eelgrass alone, 0=Oysters alone, E + 0=Eelgrass + Oysters,
Control=No Eelgrass or Oysters.
Silt Addition Experiment
The presence of eelgrass alone, oysters alone, and eelgrass + oysters
significantly increased the rate of silt removal compared to the control during the
experimental addition conducted on 9 September 2007 (Table 1, Figure 4). The

presence of eelgrass + oysters significantly increased the rate of silt removal
compared to eelgrass alone (Table 1, Figure 4). Eelgrass alone and oysters
alone did not significantly differ from one another in the rate of silt removal (Table
1, Figure 4).
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Minutes after silt addition, 9 September 2007
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E (14.03 +0.28X, R2=0.60, p<0.0001)
O (12.58 +0.28X, R2=0.38, p<0.0001)
E + O (15.19 +0.33X, R =0.83, p<0.0001)
Control (10.29 +0.19X, R2=0.58, p<0.0001)

Figure 4. Silt addition: regression of percent light reaching ten centimeters above
the bottom vs. time, in the four experimental treatments.
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Clay Addition Experiment
Eelgrass alone, oysters alone and eelgrass + oysters had a significant
effect on the rate of clay particle removal compared to the control during the 11
September 2007 experiment, with no significant difference between the eelgrass
alone and oysters alone treatments (Table 1, Figure 5). Eelgrass + oysters
significantly increased the rate of clay particle removal compared to all other
treatments (Table 1, Figure 5).
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E (10.98+0.1.8X, R2=0.53, p<0.0001)
O(8.9+0.17X, R2=0.61,p<0.0001)
E + O (11.15 +0.23X, R2=0.74, p<0.0001)
Control (8.65 +0.12X, R2=0.44, p<0.0001)

Figure 5- Clay addition: regression of percent light reaching ten centimeters
above the bottom vs. time, in the four experimental treatments.
Mud + Phvtoplankton Addition Experiment
The presence of eelgrass alone, oysters alone, and eelgrass + oysters
significantly increased the rate of mud + phytoplankton particle removal during
the experimental addition on 24 September 2007 compared to the control, with
no significant difference between the eelgrass alone and oysters alone

treatments (Table 1, Figure 6). The presence of oysters alone did not
significantly increase the rate of mud + phytoplankton particle removal compared
to the treatment of eelgrass + oysters, however eelgrass alone significantly
increased particle removal compared to eelgrass + oysters (Table 1, Figure 6).
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E (20.68 +0.17X, R =0.56, p<0.0001)
O (15.23 +0.15X, R2=0.42, p<0.0001)
2
E + 0 (22.6 +0.11X, R =0.36, p<0.0001)
Control (14.77 +0.06X, R^O.14, p<0.0001)

Figure 6. Mud plus phytoplankton additions: regression of percent light reaching
ten centimeters above the bottom vs. time, in the four experimental treatments.
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Physical and Biological Structure of the Experimental Tanks
A significant difference existed for the mean current speeds measured in
the treatments (p<0.005) (Table 2). The two treatments containing eelgrass
(eelgrass alone and eelgrass + oysters) had significantly lower mean current
speeds than the two treatments without eelgrass (oysters alone and the control).
Table 2. The four experimental treatments and their corresponding mean current speeds with the
standard error in parentheses (p<0.005, df=11, f-ratio=9.87). Treatments with the same letter are
not signi icantly different.
Significance
Treatment
Mean Current Speed (cm/s)
Eelgrass alone
Oysters alone
Eelgrass + Oysters
Control

0.66(0.21)
3.63 (0.44)
1.28 (.08)
3.42(0.81)

a
b
a
b

The biomass of the eelgrass in the eelgrass alone and eelgrass + oysters
treatments was compared at the conclusion of the final experimental run; there
was no significant difference in eelgrass biomass present in either treatment
(p=0.4) (Table 3). The LAI of the eelgrass was not significantly different between
the eelgrass alone and eelgrass + oysters treatments (p=0.4) (Table 3). The
biomass of the oysters in the oysters alone and eelgrass + oysters treatments
was not significantly different (p=0.5). The equation developed to relate shell
height to oyster soft tissue dry weight is as follow: dry weight = -0.061 + 0.008
(shell height), (R2= 0.04, p=0.008) (Figure 7).
Table 3. Biomass of the eelgrass measured at the end the experimental runs, for both the
eelgrass alone and eelgrass + oyster treatments. Standard error is given in parentheses. Leaf
area index (LAI) calculated at the end of all experimental runs to describe the physical canopy
structure of the^elgrass present in both the eelgrass alone and the eelgrass + oyster treatments.
The standard error is presented in parentheses following the mean LAI for each treatment.
(Biomass: p=0.4, df=4, t-ratio=0.8) (LAI: p=0.2, df=4, t-ratio=1.02)
Treatment
Biomass (g/m) (± S.E.) LAI (m7m*) (± S.E.)
Eelgrass alone
2.27 (0.66)
61.43(10.0)
Eelgrass + Oysters
48.73(10.1)
1.67(0.78)
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Oyster shell height (mm)
Figure 7. Regression of oyster soft tissue dry weight versus oyster shell height
(mean ±SE).
Discussion
Investigation into the filtration capabilities of two important estuarine
organisms, eelgrass and oysters, demonstrated significant differences between
the two organisms' rates of water column filtration, tested using different fractions
of seston.
The fractions of the seston tested were chosen to represent different
conditions encountered in many estuaries either as the result of erosion and
resuspension of benthic sediments or the input of land-derived sediments from
run-off during storm events or from the inflow of freshwater tributaries (Anderson
1980, Anderson and Mayer 1984, Short 1992, Ward and Bub 2005). The
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addition of mud to the experimental mesocosms tanks mimicked the erosion and
resuspension of benthic sediments into the water column most often caused by
wind-generated waves and swift tidal currents (Anderson 1980, Anderson and
Mayer 1984, Short 1992, Ward and Bub 2005). Experimental additions of finegrained silt and clay were chosen to mimic the effects of terrestrial run-off and
the inputs of freshwater tributaries to estuaries (Anderson 1980, Anderson and
Mayer 1984, Short 1992, Ward and Bub 2005). Although estuaries are often
dominated by suspended sediments, other fractions of the naturally occurring
seston loads may be present; for example, an estuary may have large amounts
of mud in suspension as well as having a population of phytoplankton present in
the water column (Anderson and Mayer 1984, Day efal. 1989, Short 1992,
Glasgow and Burkholder 2000).
A limited number of studies have investigated the effectiveness of
seagrass filtration on naturally occurring seston loads, primarily focused on
tropical species of seagrass (Short and Short 1984, Gacia et al. 1999, Agawin
and Duarte 2002). In contrast, my study investigated the effectiveness of water
column filtration by the temperate seagrass species, Zostera marina. The
effectiveness of eelgrass as a biological filter of the water column was tested in
the presence of various fractions of the naturally occurring seston. The passive
filtration of the water column by eelgrass significantly increased the rate of mud
particle removal compared to settlement measured over bare sediment (Table 1,
Figure 3). The passive filtration of the water column by eelgrass was caused by
the physical structure of the plants reducing current speeds (Table 2) and

decreasing the parrying capacity of the water column, consistent with a number
of laboratory studies predicting the ability of eelgrass to slow currents and
increase particle deposition (Fonseca et al. 1982, Fonseca and Fisher 1986,
Gambi et al. 1990). The passive filtration of water column by eelgrass was not
only effective at removing the relatively large particles of mud, but also
significantly increased the rate of particle removal in the presence of fine grained
particles such as silt and clay (Table 1, Figures 4, 5). The removal of the fine
grained particle fraction of naturally occurring seston loads and the increase in
percent light reaching ten centimeters above the sediment-water interface is
similar to the findings of Short and Short (1984) where effective water column
filtration by Halodule wrightii and Syringodium filiforme was demonstrated in the
presence of large suspended loads of fine grained sediments. The significant
effect of eelgrass filtration on water column seston loads was not limited to
suspended sediments only. My results also demonstrated the effective filtration
by eelgrass in the presence of seston loads composed of mud + phytoplankton
(Table 1, Figure 6). The significant impact of eelgrass filtration on all fractions of
the seston tested demonstrates the importance of eelgrass as a biological filter in
an estuary regardless of the dominant seston type, while empirically
demonstrating the ability of eelgrass to improve water clarity and increase light
reaching the seagrass meadow.
The increased rate of particle removal in eelgrass meadows demonstrates
an important coupling of the benthic and pelagic environments (Agawin and
Duarte 2002), and helps to increase sedimentation within seagrass meadows
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(Gacia and Duarte 2001; Gacia et al. 2003). The increase in sedimentation rates
within seagrass meadows plays an important role in transporting organic
nutrients from the water column to the benthic environment. Therefore the result
of eelgrass's increased rate of particle removal is that eelgrass meadows serve
as sinks for nutrients and particles (Short and Short 1984, Asmus and Asmus
2000); also, the increased particle deposition within seagrass meadows provides
an effective mechanism for filtering the water column. The faster rate of particle
removal measured during my experiment in the treatment of eelgrass alone
compared to the rate of settlement measured over bare sediment (Table 1,
Figures 3, 4, 5, 6) supports the idea that eelgrass can effectively filter the water
column and serve as an important coupling mechanism for the benthic and
pelagic environments.
The filtration rates of oysters have been investigated in numerous studies
(Loo and Rosenberg 1989, Dame and Libes 1993, Harsh and Luckenbach 1999,
Cressman et al. 2003, Nelson et al. 2004, Newell and Koch 2004, Grizzle et al.
2006). Studies investigating oysters have often shown a significant effect on
water column concentrations of phytoplankton and total suspended particles but
not suspended sediments (Dame et al. 2001, Cressman et al. 2003, Nelson et al.
2004, Newell and Koch 2004, Wall et al. 2008); my study demonstrated a
significant effect of oyster filtration on fine grained suspended sediments (Table
1, Figures 4, 5).
The presence of phytoplankton in the water column is a major factor
controlling the rate of oyster filtration (Newell and Langdon 1996). Although
/
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chlorophyll a measurements were not made during my experiments, during the
additions of silt and clay the ambient levels of phytoplankton in the water column
probably remained high enough to provide a sufficient supply of food for the
oysters to continue filtering. The lack of a significant increase in the rate of mud
particle removal in the treatment of oysters alone would suggest that not enough
food was present in the water columh to keep the oysters filtering (Table 1,
Figure 3). Also, in the presence of mud + phytoplankton, the oyster's active
filtration increased the rate of particle removal compared to the settlement over
bare sediment (Table 2, Figure 6). The presence of large amounts of
phytoplankton, food for the oysters, likely prompted the continuation of water
column filtration in the presence of the large particles of mud, and led to the
significant increase in the rate of particle removal for oysters in the presence of
large amounts of mud + phytoplankton (Table 2, Figure 6) (Newell and Langdon
1996).
Filtration of the water column by oysters provides an important link
between the benthic and pelagic zones and helps to control water column
particle concentrations in coastal environments (Newell and Langdon 1996,
Dame et al. 2001, Wall et al. 2008). Feces and psuedofeces, the byproducts of
oyster filtration, also play a large role in sediment enrichment and nutrient
regeneration within coastal sediments (Jordan 1987, Dame et al. 2001). The
increased rates of filtration by oysters demonstrated during my experiments
(Table 1, Figures 4, 5, 6) support the idea that oysters can provide an active link
between different environments within the coastal zone. Moreover, my
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experiments give quantitative estimates of the rates of removal of total
suspended sediment loads provided by eelgrass and oysters.
Studies investigating the mutualism between seagrass and bivalves have
found a number of instances where a beneficial relationship exists between the
two organisms (Reusch and Chapman 1995, Grizzle et al. 1996, Peterson and
Heck 1999, Peterson and Heck 2001, Newell and Koch 2004, Bologna et al.

(

2005). Although studies have demonstrated a beneficial relationship between
seagrass and bivalves (Reusch and Chapman 1995, Grizzle et al. 1996,
Peterson and Heck 1999, Peterson and Heck 2001, Newell and Koch 2004,
Bologna et al. 2005), and showed that both are effective filters, none have
investigated the effects of their filtration in the same location (Short and Short
1984, Ward et al. 1984, Gacia et al. 1999, Agawin and Duarte 2002, Cressman
et al. 2003, Nelson et al. 2004, Newell and Koch 2004, Grizzle et al. 2006,
Grizzle et al. 2008). The significant filtration of eelgrass + oysters demonstrated
during the additions of silt, clay and mud + phytoplankton (Table 2, Figures 4, 5,
6) demonstrated yet another way that these organisms can benefit one another,
and the ecosystem, through the removal of seston and the subsequent increase
in percent light. Although the combination of eelgrass + oysters always
significantly increased the rate of particle removal compared to the settlement
over bare sediment (Table 2, Figures 3, 4, 5, 6), in the presence of large
amounts of the finest grained sediment tested (clay), the presence of eelgrass +
oysters significantly increased particle removal compared to all other treatments
(Table 2, Figure 5). The filtration by the combination of eelgrass + oysters
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demonstrates another important interaction of these species, and the potential
positive benefits they can have on the estuaries where they are found together.
Conclusion
The findings of my experiment demonstrate that eelgrass + oysters is an
effective filter of the water column regardless of the dominant grain size of the
fraction of the seston present. As shown in this study, eelgrass + oysters
significantly increases the rate at which percent light reaches ten centimeters
above the sediment-water interface as compared to the control. The combination
of eelgrass + oysters also significantly increases the rate of particle removal for
the finest fraction (clay) of the seston, faster than eelgrass alone or oysters
alone. In the eelgrass + oysters treatment each component contributed to
particle removal for various fractions of the seston tested. The filtration of
oysters alone is only significant in the presence of the fine-grained particles silt
and clay, or when large amounts of phytoplankton are combined with
resuspended benthic mud. The findings in the treatment of oysters alone is
consistent with the observed effect of oysters on the rate of particle removal in
the treatment of eelgrass + oysters. The filtration of the water column by
eelgrass alone is significant for all fractions of the seston tested, including mud,
silt, clay, and mud + phytoplankton. The results demonstrate that the filtration of
the water column by eelgrass is effective regardless of the grain size of the
dominant fraction of the seston. While eelgrass was the more effective biological
filter for the fractions of naturally occurring seston tested, the combination of
eelgrass + oysters has the potential to have the greatest effect on the seston

load of an estuary, and should be considered in future restoration and
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conservation efforts.
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CHAPTER II

EFFECT OF OYSTER DENSITY ON THE RATE OF WATER COLUMN
FILTRATION BY CRASSOSTREA VIRGINICA, THE EASTERN OYSTER,
ALONE AND IN COMBINATION WITH ZOSTERA MARINA, EELGRASS

Introduction
Suspension feeding bivalves can be found in estuaries and coastal
environments throughout the world and serve many roles in these ecosystems.
The presence of suspension feeding bivalves in an estuary can help to control
the concentrations of phytoplankton and suspended organic particles, seston, in
the water column (Loo and Rosenberg 1989, Dame and Libes 1993, Gerritsen
and Irvine 1994, Cressman et al. 2003, Nelson et al. 2004, Newell and Koch
2004, Grizzle et al. 2006, Coen et al. 2007). Seston is composed of all
particulate matter in the water column including suspended sediments,
phytoplankton, and organic detritus. One of the suspension feeding bivalves that
can be found in many estuaries is Crassostrea virginica, the eastern oyster. The
eastern oyster is an active suspension feeder, pumping water through its gills,
arid then as the water passes the gills, particles are trapped and filtered out of
the water. The trapped particles are then transported to the oyster's mouth for
ingestion or excreted as psuedofeces (Ward and Shumway 2004). The
suspension feeding activities of the eastern oyster can potentially remove a
significant amount of seston from the water column and improve water clarity

while providing an active link between the benthic and pelagic zones (Shumway
et al. 1985, Short 1992, Cressman et al. 2003, Nelson et al. 2004) (Chapter
One).
Studies investigating the effects of oyster filtration on water column seston
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loads have focused primarily oh small groups of oysters in a laboratory setting
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(Shumway et al. 1985, Riisgard 1988, Newell and Koch 2004) or on oyster reefs
as a whole in tidal creeks and coastal environments (Haven and Morales-Alamo
1970, Dame and Libes 1993, Cressman et al. 2003, Nelson et al. 2004, Grizzle
et al. 2006). The studies primarily found that oysters have a significant effect on
the water column populations of phytoplankton but no significant effect on
suspended sediments (Cressman et al. 2003, Nelson et al. 2004). Nelson et al.
(2004) however did demonstrate an increase in sediment deposition of small and
medium grain size particles downstream and on the crest of experimental oyster
reefs. In one laboratory study Haven and Morales-Alamo (1970) investigated the
effect of oysters on water column seston loads; they found that by doubling the
number of oysters they could double the rate of water column clearance.
However Cressman et al. (2003) found that by increasing oyster density on art
oyster reef in a tidal creek the same doubling effect measured by Haven and
Morales-Alamo (1970) was not achieved.
Seagrasses are an important group of underwater flowering plants that
occur in marine and estuarine communities worldwide and provide a number of
ecosystem goods and services to these environments (Green Short 2003).
Seagrasses help to ensure water clarity through the stabilization of benthic
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sediments and the limiting of resuspension and erosion (Fonseca et al. 1982,
Short and Short 1984, Ward et al. 1984, Agawin and Duarte 2002, Mellors et al.
2002, Newelland Koch 2004). Seagrasses not only help to maintain and
improve water clarity in the ecosystems where they are found by reducing
erosion and resuspension but also filter and remove excess nutrients and seston
from the water column (Short and Short 1984, Ward et al. 1984, Gacia et al.
1999, Asmus and Asmus 2000, Gacia and Duarte 2001, Agawin and Duarte
2002).
Filtration and settlement of seston from the water column is generally
controlled by three processes: gravity, adhesion/attachment, and current velocity.
In seagrass meadows two processes work with gravity to pull seston particles out
of the water column. The first is the reduction in current velocity caused by the
physical structure of the seagrass canopy extending into the water column and
slowing the movement of water (Fonseca et al. 1982, Mellors et al. 2002). The
reduced current velocity of the water diminishes the ability of the water column to
hold the particles in suspension and leads to an increase in the settlement and
deposition of particles (Fonseca et al. 1982, Mellors et al. 2002). The second is
adhesion/attachment of particles to the blades of seagrass which is amplified by
the epiphyte communities growing on the leaves of most seagrass plants
(Agawin and Duarte 2002) (Chapter One).
Filtration of water column by seagrass and bivalves is important to the
overall health of an estuary for a number of reasons. Increases in terrestrial runoff experienced by many estuaries worldwide over the last several decades have
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increased'the seston and nutrient concentrations of the water column (Nixon
1995, Short and Wyllie-Echeverria i 996, Cloern 2001 f Lillebo et al. 2005).
Increases in water column seston and nutrient concentrations have caused direct
and indirect decreases in water clarity respectively. The increases in seston
concentration have decreased water clarity limiting the light penetration to the
benthic environment negatively impacting a wide variety of benthic macrophytes
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including seagrass. The indirect effect of increased nutrient concentrations on
estuarine water clarity has been as result of the stimulated phytoplankton growth
following the eutrophication of the water column, causing a decrease in light
available to benthic macrophytes resulting in a shift from a system where the
primary producer community is dominated by benthic macrophytes to one
dominated by phytoplankton and fast growing macroalgae. The shift in the
primary producer community can have cascading effects on higher trophic levels,
due to the loss of nursery and refuge habitat provided by benthic macrophytes
(Cloern 2001, Lillebo et al. 2005, Greening and Janicki 2006). The loss of higher
trophic levels caused by the shift in the primary producer community can have
long term and far reaching effects on the overall health of an estuary.
The effect of oyster density on particle removal has been investigated in a
limited number studies focusing primarily on the ability of oysters to control water
column phytoplankton populations (Haveri and Morales-Alamo 1970, Cressman
et al. 2003). While filtration by the combination of eelgrass + oysters has been
investigated in a limited number of studies (Chapter One), the effect of eelgrass +
oyster filtration on water column suspended sediment loads with varying oyster
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densities has not been investigated. In the mesocosm experiment described,
here one objective was to determine what effect oyster density had on particle
removal in the presence of large suspended loads of mud, one fraction of
naturally occurring seston, in the treatments of oysters alone and eelgrass +
oysters. The second major objective of the experiment was to determine if the
presence of eelgrass significantly affected oyster filtration measured as g
removed • hr"1 for the four oyster densities.
Methods
Twelve one m3 fiberglass mesocosm tanks located adjacent to the
Jackson Estuarine Laboratory, N.H., U.S.A. (043° 5.53'N 070° 51.85'W) were
utilized to determine the affect of oyster density on the rate of particle removal
from the water column and to investigate the affect of the presence of eelgrass
water column filtration rates. The mesocosm set-up, experimental design and
experimental methods described in Chapter One were once again employed
during the experiments described here. During this experiment however rather
than employing different fractions of the naturally occurring seston, four different
oyster densities were used with the same fraction of the seston for each addition.
Additions were made to two treatments, eelgrass + oysters and oysters alone,
each treatment had three replicates. The three tanks containing eelgrass had
shoot densities of 405, 459 and 384 shoots • m"2. Organic mud was used as the
seston addition and was collected from the mud flat adjacent to the Jackson
Estuarine Laboratory, with a grain size of 0.009-0.012 mm (Webster 1991).

Between 6 September and 3 October 2007, five experimental additions of mud
and bay water were made to the mesocosm tanks, with 9, 21, 43, and 85
oysters • m'2 alone and in combination with eelgrass in order to determine the
effect of oyster density on the rate of water column filtration and to investigate the
effect of eelgrass on water column filtration rates (Table 4). The oyster densities
employed during this experiment fall within the range of densities measured on
the four major oyster reefs of the Great Bay Estuary in 2004 and 2005 (Smith
unpublished data).
Table 4. The dates of the experimental runs with their corresponding oyster densities for the
treatments of eelgrass + oysters and oysters alone.
Date
SestonType Oyster
Density
18-Sep-07 Mud
9 m"'
16-Sep-07 Mud
21 m"'
Mud
43 m"'
6-Sep-07
1-Oct-07
Mud
85 m"'
3-Oct-07
Mud
85 nrf

Two light measurements were made, one underwater in each tank, ten
centimeters above the sediment-water interface and one surface light
measurement, to determine the percent light reaching ten centimeters above the
sediment-water interface. Each tank was outfitted with a light logger (Onset
Corporation) deployed in watertight housing. The light logger in the tank was
attached to a metal frame and the sensor was placed ten centimeters above the
bottom and twenty five centimeters from both the north and east walls of the
mesocosm tank. The sensor used to record surface light was placed on a 1.83m
stake that was then attached to a fence post; the surface light sensor was
located adjacent to the tanks, approximately five meters away. Employing an
equation (equation 1) relating the percent light to the seston concentration (SC),

mg • L"1 in the water column, the seston concentrations over the first hour of the
five experimental mesocosm additions were calculated for all treatments.
Equation 1. SC= (45.78- % Light) / 0.35

Equation one represents a regression developed to relate % light reaching
ten centimeters above the sediment-water interface to water column seston
concentrations (R2= 74, p=0.006) (Figure 8). The equation was developed from
light measurements taken during four experimental additions of organic mud to
three mesocosm tanks, contain only bay water.
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80

120

Seston concentration (mg/L)
Figure 8. Regression relating % light reaching ten centimeters above the
sediment-water interface to water column seston concentrations (mean ±SE).
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The calculated seston concentrations were then used to determine the g
seston removed • hr"1 by the oysters alone and eelgrass + oysters treatments.
. The first step in determining the g seston removed • hr" was to plot the
calculated seston concentrations over time for the first hour of the experimental
monitoring. Then a best fit linear regression line was added to all of the plotted
data, the slope of the regression line represented the change in mg • L"1» min"1.
The slope (mg • L"1» min"1) was then multiplied by 60 to obtain the mg • L"1 • hr"1
and this product was then divided by 1000 to determine the g • L"1 > hr'1. The
resulting g • L'1 • hr"1 was multiplied by the volume of a mesocosm tank (500 L) to
determine the g removed • hr"1. The determination of the g removed'•'hr'1 was
conducted for each tank of the two experimental treatments investigated for all
oyster densities tested.
Oyster Biomass
The biomass of the oysters in the treatments of oysters alone and
eelgrass + oysters were determined following the experimental additions using a
regression equation relating shell height to tissue dry weight (Chapter One).
Statistical Analysis
Regressioh analysis was conducted to determine if a significant
relationship existed between oyster density and the g seston removed • hr"1; a
simple linear regression of g • hr'1 by oyster density was created using jmp7.
The four means of g seston removed • hr"1 by the four oyster densities tested
were compared employing an ANOVA, to determine if any significant differences

existed. A post-hoc all pairs t-test was employed to determine which densities
had significantly different rates of seston removal, calculated as g seston
removed • hr"1. Comparison of the four oyster densities tested in the oysters
alone and the eelgrass + oysters treatments was done using a t-test to determine
if the presence of eelgrass significantly affected the g seston removed • hr"1. The
difference in the g seston removed • hr'1 between the oysters alone and eelgrass
+ oysters treatments were plotted over the four densities of oysters tested to
determine if eelgrass significantly affected oyster filtration.
Employing a t-test, the mean biomass of oysters tank"1 was compared to
determine if there was a significant difference between treatments.
Results
Investigating the effect oyster density on the rate of filtration of the water
column in the presence of large suspended loads of organic mud revealed a
significant relationship between the density of oysters present and the g seston
removed • hr"1 from the water column in both the treatments of oysters alone and
eelgrass + oysters (Figure 9). A significant difference was found between the g
seston removed • hr"1 for the four oyster densities investigated in both the
treatments of oysters alone (Figure 10) and eelgrass + oysters (Figure 10).
Comparison of the treatments of oysters alone and eelgrass + oysters
demonstrated the presence of eelgrass significantly increased the g seston
removed • hr'1 (Figure 11).
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Oysters alone
A significant relationship was found between oyster density and the g
seston removed • hr"1 in the oysters alone treatment (p=0.003, R2=0.61) (Figure
9). The g seston removed • hr"1 increased significantly with increasing oyster
density (Figure 9). In the oyster alone treatment a significant difference was
found between the g removed • hr"1 for the four oyster densities tested. The rate
i

1

of g seston removed • hr" for the two highest densities of oysters tested, 43 and
85 oysters • m"2, were not significantly different, and the rate of g seston removed
••

j

• hr"1 for the two lowest densities of oysters tested, 9 and 21 oysters • m"2, were
not significantly different (Figure 10). The g seston removed • hr"1 for the two
highest densities tested were significantly greater than the g seston removed • hr"
1

for the two lowest densities tested (Figure 10).

Eelqrass plus Oysters
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A significant relationship was found between the g seston removed • hr"1
in the eelgrass + oysters treatment and the oyster density (p=0.0002, R2=0.76)
(Figure 9). The g seston removed • hr"1 significantly increased with increasing
oyster density (p=0.0002, R2=0.76) (Figure 9). Comparison of the individual
densities revealed that the g seston removed «hr'1 in the two highest densities
tested, 43 and 85 oysters • m"2, were not significantly different (Figure 10). The g
seston removed • hr"1 for 9 oysters • m"2 and 21 oysters • m"2were not
significantly different (Figure 10). The g seston removed • hr"1 for the two highest
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densities tested were significantly greater than the g seston removed • hr"1 for the
two lowest densities tested (Figure 10).
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Figure 9. The regression of g seston removed • hr"1 vs. oyster density in both the
treatments of oysters alone and eelgrass + oysters, error bars represent one SE.
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Figure 10. The rates of particle removal calculated as g seston removed • hr"1 for
the four oyster densities tested in the oysters alone and eelgrass + oysters
treatments. Bars with the same letter are not significantly different from each
other at a p-value of 0.05, error bars represent one SE.
Eelgrass
The presence of eelgrass significantly increased the g seston removed •
hr compared to the rate calculated for the oysters alone treatment for three of
the four oyster densities tested. No significant difference was found between the
g seston removed • hr*1 for 9 oysters • m"2 in the treatments of oysters alone and
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eelgrass +oysters (p=0.18) (Figure 11). In three other densities tested 21, 43
and 85 oysters • m'2 the presence of eelgrass significantly increased the g seston
removed hr'1 (p=0.02, p=0.01, p=0.005 respectively) (Figure 11).
A significant relation was found between the difference in the g seston
removed • hr"1 in the treatments of oysters alone and eelgrass + oysters and the
oyster density (p=0.02, R2=0.043) (Figure 12). The difference in the g seston
removed • hr"1 significantly increased with increasing oyster density (p=0.02,
R2=0.43) (Figure 12).
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Oyster Density (# m-2)s
1 Oysters Alone
Eelgrass + Oysters

Figure 11. Comparison of the effect of the presence of eelgrass in the four
densities of oysters tested in the treatments of oysters alone and eelgrass +
oysters for the g seston removed • hr"1. A significant difference exists between
the treatments for g removed • hr"1 for all densities except 9 oysters m"2 at a pvalue of 0.05, error bars represent one SE.

^

. •

24-

' j ^

f

-o

22 -

<D

<
D
1_

3

<^*

;

>
|

.jf

20'

18 -

0)
•+-*

<o

rr

. »

16-

-

1 14o
£
<D

12-

O

10-

CC
c
•+->

'

•

(/)
0)
CO

y ^

r

)

8 -

«
6-

i

20

-

—

i

i

40

60

••

'

i

SO

"

100

Oyster Density (# m )
Ag removed hr'1 (5.47 + 0.21 X, R2=0.43, p=0.02)

Figure 12. Regression of the difference between the g seston removed • hr'1 in
the oysters alone and the g seston removed • hr'1 eelgrass + oysters treatment
plotted vs. oyster density.
Oyster Biomass
The biomass of the oysters in the oysters alone and eelgrass + oysters
treatments was not significantly different (Table 5).

Table 5. Mean shell height for the various experimental additions, and the different oyster
densities employed in both the oyster alone and eelgrass + oyster treatments, with the standard
error provided in parentheses. Biomass of the oysters calculated from a regression of shell
height versus dry weight (dry weight = -0.61 +0.008 (shell height) for the different oyster densities
employed in both the oyster alone and eelgrass + oyster treatments. Standard error is given in
parentheses. (9 oysters m'2: p=0.84, df=4, t-ratio=0.23, 21 oysters m"2: p=0.68, df=4, t-ratio=0.46,
43 oysters m 2: p=0.99, df=4, t-ratio=0.007, 85 oysters m 2: p=0.1, df=4, t-ratio=0.00)
Oyster Biomass
Shell Heights
Oyster Density
Date
Treatment
(mm)
(oysters/m2)
(g/m2)
1898(2.1)
Oysters
6.53 (0.Q4)
9
Sep-07
18Eelgrass +
98(0.97)
6.49(0.15)
9
Sep-07
Oysters
1699 (0.55)
15.33(0.07)
Oysters
21
Sep-07
1699(0.35)
Eelgrass + ' . ' • ,
15.25(0.17)
21
Sep-07
Oysters
6-Sep98 (.54)
Oysters
23.45(0.05)
43
07
6-SepEelgrass +
98 (.46)
23.45(0.14)
43
07
Oysters
1/399(0.17)
Oysters
62.26 (0.25)
85
Oct-07
1/3Eelgrass +
99 (0.35)
62.26(0.25)
85
Oct-07
Oysters

Discussion
The results of my mesocosm experiment demonstrated the impact of
oyster density on the rate of water column filtration in both the treatments of
oysters alone and eelgrass + oysters. The mesocosm experiment demonstrated
a significant relationship between oyster density and water column filtration rate.
Haven and Morales-Alamo (1970) found that by doubling the number of
live oysters in an area they could double the particulate matter removed from the
water column. The results suggest that if filtration is controlling particle removal
from the water column an increase oyster density will lead to an increase in
particle removal. My results demonstrated a significant relationship between the
oyster density and the g seston removed • hr"1 in both the treatments of oysters
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alone and eekjrass + oysters (Figure 9). The relationship demonstrated as the
number of oysters • m"2 increased so did the g removed • hr"1, and in fact
between the 21 oysters • m"2 and the 43 oysters • m"2 a doubling of the g
removed • hr"1 was calculated (Figure 10). The same doubling of filtration,
calculated as g removed • hr'1 was not found when the oyster density was
increased from 43 oysters • m"2 to 85 oysters • m'2 (Figure 10), The pattern
found during the mesocosm experiment described here was the same as the one
found by Haven and Morales-Alamo (1970); that is, when the oyster density was
doubled the rate of particle removal doubled (Figure 10). However the results
suggest that if oyster density is controlling the particle removal rate then there
maybe a threshold for oyster density, above which any increase in oyster density
will not result in a significant increase in particle removal rates. Cressman et al.
(2003) found a similar effect on increasing oyster density as well suggesting that
some threshold may exist above which the rate particle removal cannot be
increased.by increasing the oyster density.
A number of studies have investigated the filtration capabilities of the
eastern oyster (Dame and Libes 1993, Cressman et al. 2003, Nelson et al. 2004,
Newell and Koch 2004, Porter et al. 2004, Grizzle et al. 2006. Grizzle et al.
2008), these studies found that oyster filtration can have a significant affect on
the water column concentrations of phytoplankton but often do not significantly
effect water column total suspended solid (TSS) concentrations (Cressman et al.
2003, Nelson et al. 2004) (Chapter One). The rate of mud particle removal
measured in Chapter One as the change in percent light reaching ten
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centimeters above the sediment-water interface supports the idea that oysters
often do not have a significant effect on water column TSS concentrations. The
rates of particle removal calculated in the four oyster densities tested in this
experiment, while significantly correlated with oyster density (Figure 10) are
significantly slower when compared to the filtration of eelgrass + oysters (Figure
11). Demonstrating that while increasing the density of oysters in an area will
increase the rate of particle removal (Figure 9), oysters still play a small role in
removing mud particles from suspension in the water column (Figures 9, 11).
Investigation into the capacity of seagrass to filter the water column has
largely been limited to tropical species (Short and Short 1984, Ward et al. 1984,
Gacia et al. 1999, Gacia and Duarte 2001, Agawin and Duarte 2002), with no
studies investigating the role of eelgrass as a biological filter of the water column.
In Chapter One, it was demonstrated that filtration by eelgrass can be an
effective mechanism for removing seston from the water column and increasing
the percent light reaching 10 centimeters above the sediment-water interface.
The significant differences in the g removed • hr'1 between the treatments of
eelgrass + oysters and oysters alone demonstrates the effectiveness of eelgrass
in filtering the water column (Figure 9,11). The significantly greater rate of
particle removal in the eelgrass + oysters treatment compared to the oysters
alone treatment further demonstrates the effectiveness of eelgrass a biological
filter or the water column (Figure 11).
The presence of eelgrass may have a greater effect on water column
filtration than the simple increase measured in the g removed • hr"1 in the
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eelgrass + oysters treatment compared to the g removed • hr"1 in the oysters
alone treatment (Figure 11). The presence of eelgrass may in fact have
increased the filtration of the oysters in the treatment of eelgrass + oysters as
evidenced by the increase in the difference between the g removed • hr"1
between the treatments with increasing oyster density (Figure 12). Assuming
that eelgrass filtration remained constant over the four densities of oysters tested
the difference in the g removed • hr"1 between treatments plotted over the oyster
density should have been a horizontal line with a slope of zero, however in this"
case the a significant relationship was found between the difference in the g
removed • hr"1 in the treatments and the regression line describing this
relationship has a slope of 0.21 (Figure 12). A major factor controlling oyster
filtration is the presence of phytoplankton in the water column (Newell and
Langdon 1996), the increased oyster filtration in the presence of eelgrass was
mostly likely the result of the increase in the concentration of food that oysters
encounter in seagrass meadows versus over unvegetated sediments (Irlandi and
Peterson 1991). The reduction in current speeds caused by the physical
structure of the eelgrass canopy (Fonseca et al. 1982, Fonseca and Fisher 1986,
Gambi et al. 1990) increases particle removal from the water column (Chapter
One), potentially increasing the concentrations of phytoplankton encountered by
oysters, thereby increasing the filtration of the water column by oysters.

Conclusion
The results of my mesocosm experiment clearly demonstrated a
significant relationship between oyster density and the rate of water column
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filtration in both the treatments of oysters alone and eelgrass + oysters. The
results also suggest that if oyster density is controlling particle removal rate then
there maybe a threshold for oyster density, above which any increase in oyster
density will not result in a significant increase in particle removal rates. The
results of the experiment also demonstrated that the presence of eelgrass
significantly increased the rate of water column filtration compared to the filtration
of the water column by oysters alone even at the highest oyster densities.
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CHAPTER III

FILTRATION CAPACITY OF ZOSTERA MARINA (EELGRASS) AND
CRASSOSTREA VIRGINICA {EASTERN OYSTERS) IN GREAT BAY, N.H.,
U.S.A.

Introduction
The Great Bay Estuary is a tidaliy dominated coastal embayment located
in Maine and New Hampshire, U.S.A. composed of four major sections:
Portsmouth Harbor, the Piscataqua River, Little Bay and Great Bay (Short 1992,
Odell et al. 2006). The upstream-most section of the estuarine system, Great
Bay, is a broad inland bay that begins at the Furber Strait and has two major
sources of fresh water, the Squamscott and Lamprey Rivers (Short 1992).
Great Bay supports a number of important estuarine habitats and species,
including eelgrass meadows and oyster reefs; over the last twenty years drastic
fluctuations in the size of both populations have been documented (Grizzle and
Brodeur 2004, Odell et al. 2006, Short 2006, Trowbridge 2006). The overall
trend in Great Bay's eelgrass population in the last twenty years has been a
decline in biomass and distribution, with a loss of approximately 17% of the area
of eelgrass in Great Bay (Trowbridge 2006). The main cause of the decline has
been the increase in sediment and nutrient inputs to the estuary, decreasing
water clarity (Trowbridge 2006). Increased inputs of sediment caused by
amplified run-off directly cause a decrease in water clarity (Short 1992,
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Trowbridge 2006), while increased nutrient inputs have caused an indirect
decrease in water clarity through increases in phytoplankton production.
The oyster population of Great Bay has suffered a much greater
downward trend than the eelgrass population in the bay, leading to a 95%
decline in harvestable oysters; decline in the oyster populations in the bay have
been primarily caused by the outbreak of a pair of diseases: MSX which is
caused by a protozoa, Haplosporidium nelsoni, and Dermo caused by the
protozoa Perkinsus marinus (Trowbridge 2006), The decline of oysters and
eelgrass within the Great Bay has also led to a decline in thejmportant ecological
services provided by these two important estuarine species, including providing
habitat for a number vertebrate and invertebrate species, a refuge from
predators, and the ability to filter the water column and remove large amounts of
seston while providing an active link between the benthic and pelagic
environments (Newell and Langdon 1996, Dame et al. 2001, Agawin and Duarte
2002, Wall et al. 2008).
Filtration by seagrasses and suspension feeding bivalves has been shown
to mitigate both of the negative consequences of increased terrestrial run-off to
estuaries by removing suspended sediments and phytoplankton from the water
column (Short and Short 1984, Gacia et al. 1999, Agawin and Duarte 2002,
Cressman et al. 2003, Grizzle et al. 2006). The increases in light penetration as
a result of water column filtration have been shown to have direct positive
impacts on estuaries by increasing seagrass productivity in areas adjacent to the
bivalves (Peterson and Heck 2001a, 2001b, Newell and Koch 2004, Wall et al.
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2008). The positive benefits of filtration go beyond the simple removal of
particles and the subsequent increases in light penetration; studies have shown
that seagrasses and oysters also remove excess nutrients from the water column
(Short and Short 1984), thereby limiting the increases in phytoplankton caused
by these excess nutrients (Dame and Libes 1993, Peterson and Heck 1999,
2001 a, 2001 b, Newell et al. 2005). The removal of nutrients from the water
column by bivalves also been shown to increase seagrass productivity by
removing nutrients from the pelagic environment and depositing them on benthic
sediments increasing pore water nutrient availability for seagrass growth and
productivity (Peterson and Heck 1999, 2001 a, 2001 b, Wall et al. 2008).
The two most common approaches to quantifying filtration by an estuarine
organism are through the calculation of a clearance rate (volume of water cleared
of particles per unit time) or a filtration rate (weight of particles removed per unit
time) (Doering and Oviatt 1986, Riisgard 2001 .Navarro and Velasco 2003).
Clearance rates are most often calculated using one of two methods, the more
common being through the use of a particle counter and the second, used
primarily for oysters, by measuring the rates of biodeposition, or the deposition of
feces and psuedofeces (Navarro and Velasco 2003). When a particle counter is
employed, a simple equation is used to determine the clearance rate, based on
the initial and final concentrations of particles in the water column, the volume of
water, and the time period over which the particle concentrations are being
measured (Riisgard 1988). The second method of calculating clearance rates is
used primarily when oysters are the biological filter being investigated. The
(
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method requires measurement of the biodeposits and a series of equations

')

(Navarro and Velasco 2003). Filtration rates are calculated from the initial and
final concentrations of seston measured in the water column over a specific time
period. The difference between the initial and final concentrations divided by the
amount of time between the initial and final sample provides the filtration rate
(e.g., g • hf 1 ).
A number of studies have calculated the filtration or clearance rates for
oysters in experimental mesocosm set-ups (Riisgard 1988, Powell et al. 1992,
Newell and Koch 2004). However beyond a limited number of studies looking at
the Chesapeake Bay, these rates have rarely been applied to natural
ecosystems to determine the effect of filtration on naturally occurring seston
(Newell 1988, Ulanowicz and Turtle 1992, Gerritsen and Irvine 1994, Newell and
Koch 2004, Fulford et al. 2007). The vast majority of these calculations and the
models that were applied to the Chesapeake Bay did not account for any other
biological filter, especially seagrass, with the exception of Newell and Koch
(2004). Therefore the models applied to the Chesapeake Bay may drastically
underestimate the potential of biological filters to help control seston loads and
the negative effects associated with these loads by ignoring the filtration
associated with seagrass meadows. A limited number of studies have
empirically demonstrated the ability of seagrasses to filter the water column
(Short and Short 1984, Ward et al. 1984, Gacia et al. 1999, Gacia and Duarte
2001, Agawin and Duarte 2002, Chapter One), although none have calculated
filtration rates for the seagrass species investigated.
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The objective of the experiment described here was to use data collected
during a mesocosm experiment (Chapter One) to calculate filtration rates for two
important estuarine populations, eelgrass and oysters. Once the filtration rate of
these two important organisms was quantified, the rates were applied to the
Great Bay, New Hampshire, USA based on our knowledge of the naturally
occurring populations of eelgrass and oysters to determine the potential filtration
and seston removal for the bay. The results were also compared with estimates
for oyster filtration in the Great Bay Estuary presented by Odell et al. (2006) as
well the estimates given for the Chesapeake Bay by Newell (1988). The
potential filtration capacity of the eelgrassxpopulations of Great Bay from 2004
and 2005 was then compared to the Bay's eelgrass population from 1989, the
low point that followed an outbreak of the eelgrass wasting disease (Short et al.
i-

.

•

1986, Short et al. 1993, Odell et al. 2006).
Methods
A mesocosm experiment investigating the effect of eelgrass alone and
oysters alone on the rate of particle removal from water column was conducted
to determine if these species increased the rate of particle removal compared to
settlement over bare sediment. The rate of particle removal was measured as
the change in percent light reaching ten centimeters above the sediment-water
interface (Chapter One). Utilizing the percent light calculations from light
measurements made during the addition of large amounts of organic mud to the
treatments of eelgrass alone and oysters alone the change in seston
concentrations over the first hour of the experiment were calculated (equation 1).
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Equation 1. SG = (45.78-% Light) / 0.35

Where % light= the calculated percent light from the light measurements
(Chapter One, Chapter Two) and SC= the concentration of seston in the water
column measured in mg • L"1. Employing an equation (equation 1) relating the
percent light to the seston concentration (SC), mg • L"1 in the water column, the
seston concentrations over the first hour of the five experimental mesocosm
additions were calculated for all treatments (Chapter Two).
The estimated seston concentrations were used to determine the filtration
rates for the treatments of eelgrass alone and oysters alone (Chapter One). The
filtration rate was determined by plotting the change in seston concentration over
time for each tank, then dividing the slope of the regression line by the weight of
eelgrass or the number of oysters per tank. The mean filtration rates for eelgrass
and oysters (g seston • g eelgrass "1 • hr"1 and g seston • oyster'1 • hr"1, Chapter
One) were then used to determine the potential filtration of these organisms
within Great Bay, NH, U.S.A.
Estimates of the density, # of oysters per quarter meter square, of the four
main oyster reefs from 2004 and 2005 in Great Bay: Squamscott River, Nannie
Island, Woodman Point, and the Adams Point Reef, were multiplied by four to
determine the number of oysters m'2 (Smith unpublished data). The density of
oysters for each reef in both 2004 and 2005 was then multiplied by the area of
the reef for the corresponding year to determine the approximate number of
individual oysters • reef'1 (Trowbridge 2005). The mean filtration rate (g •
individual oyster"1 • hr'1) (Chapter One) was then applied to the 2004 and 2005
populations of each reef to determine the kg seston removed • reef"1 -hour"1
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(equation 2). The total amount of seston cleared per hour for the oyster
population in Great Bay for both 2004 and 2005 was then determined by
summing the kg removed • hr1 for each individual reef (equation 3).
Equation 2. FR r =(FR o xl 0 )/1000
Equation 3. FRogb= IFR r

Where FR0= the mean filtration rate of an individual oyster, l0= number of
individual oysters • reef1, FRr= filtration rate for an entire oyster reef (kg • hr"1),
and FRogb= filtration rate for the oyster population of Great Bay (kg • hr'1).
Maps created at the University of New Hampshire by the UNH Seagrass
Ecology Group, to monitor the eelgrass population of the Great Bay, provided the
area and biomass of eelgrass used to determine the filtration potential of this
important estuarine species (Short unpublished data, www.qranit.unh.edu/#).
The maps created from aerial photography define all areas of benthic habitat
covered by eelgrass within the bay by the estimated percent cover of the
eelgrass present. The percent cover classes defined in the creation of these
maps are as follows: 10-30%, 30-60%, 60-90%, and 90-100%. ArcMap 9.2 is
then used to determine the area of each cover class, biomass estimates
corresponding to each cover class (Table 6) are then used to determine the total
weight of eelgrass in each cover class, by multiplying the total area of each cover
class by the biomass estimate for that class. The weight of all cover classes is
then summed to determine the total weight of eelgrass in Great Bay. The mean
eelgrass filtration rate (FRe= g seston • g eelgrass "1 • hr"1) was applied to the
weight of the eelgrass population of Great Bay (We) to determine the kg sestori
removed • hr"1 from the water column by eelgrass (FRegb) (equation 4).

Equation 4. FRegb = FRe x We
C
Table 6. Percent cover classes with corresponding eelgrass biomass for eelgrass mapping in
Great Bay, NH (Short unpublished data. www.qranit.unh.edu/#).
1
Cover Class Biomass Estimate (g • m"^) Biomass Estimate (kg • ha" )
25
250
10-30%
55
550
30-60%
85
850
60-90%
2,500
90-100%
250

In order to compare the filtration by eelgrass and the filtration by oysters in
the Great Bay, the amount of seston removed by a given habitat was

/

standardized to the area of Great Bay obtained from Short (1992). Seston
removed by eelgrass or oysters was divided by the area (ha) of Great Bay to
determine the kg seston • ha'1 • hr'1 removed (equation 5).
Equation 5.
I

FR ae = FR egb / A gb or
FR ao = FR0gb / Agfa

Where the FRegb= filtration rate for the eelgrass population of Great Bay,
FRogb= filtration rate for the oyster population of Great Bay, Agb= area of Great
Bay, FRae= eelgrass filtration rate standardized to the area of Great Bay, FRao=
oysters filtration rate standardized to the area of Great Bay.
(

Projecting the seston rembval within Great Bay for one day was done by
multiplying the kg( seston removed • hr'1 for eelgrass (FRegb) and oysters (FRogb)
by the amount of time each organism filters in a day, to determine the kg seston
removed • day'1 (FRea and FR0d). The passive filtration of eelgrass continuously
removes seston from the water column for 24 hours a day, while the active
filtration of oysters is only removing seston for 17 hours a day (Harsh and
Luckenbach 1999). The total daily seston load for Great Bay (DSLgb) was
determined from the mean seston concentrationof Great Bay, 0.000016 kg • L"1
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(SCgb) (Trowbridge 2006), the number of hours in a day (24), and the volume of
the bay, 2.3 x 1011 L (Vgb) (Ward and Bub 2005) (equation 6), assuming the mean
seston concentration remains relatively constant over 24 hours. The daily
removal rates (kg • day"1) were then applied to Great Bay to determine the
percent of the bay's daily seston load that each species could remove (%Reor
%R0) (equation 7). Employing the daily removal rates (kg • day'1) for eelgrass
and oysters, the number of days required to filter the volume of Great Bay was
determined for eelgrass and oysters (equation 8,9).
Equation 6. DSLgb= SGgb x 24 x Vgb
Equation 7. %Re= (FRed/DSLgb) x 100 or
%R o =(FR od /DSL gb )x100
Equation 8.1_de = FRed/DSLgb or
Ldo = FR0d / DSLgb
Equation 9. De = Vgb / Lde or
D0 = V g b /L d 0

Where Ue = the liters filtered by eelgrass in one day, l_do = the liters
filtered by oysters in one day, De = the days required for eelgrass to filter the
volume of the Great Bay, and D0 = the days required for eelgrass to filter the
volume of the Great Bay.
Odell et'al. (2006) estimated historic (early 1900's) and current filtration of
the Great Bay Estuary by oysters using population estimates provided by New
Hampshire Fish and Game. Employing the current and historic area and
densities of the oyster populations provided by Odell et al. (2006) as well the
filtration rates calculated from equation 2, the amount of seston removed by
oysters in the Great Bay Estuary was estimated. The estimates were then used
62

to predict the percent of the daily seston load that the oyster population provided
by Odell et al. (2006) could remove from the water column (equation 7).
The potential filtration of the historic (1980's) eelgrass population following an
outbreak of wasting disease, which reduced the eelgrass within Great Bay to
20% of the 2004 and 2005 populations, was estimated by taking 20% of the
average area and weight of eelgrass from 2004 and 2005. The filtration rate
calculated during this experiment was then applied to the 1989 eelgrass
population, the low point following the disease outbreak (Short et al. 1993),
employing equation 4. In order to compare the filtration by eelgrass in 2004 and
2005 to eelgrass at its low point after the wasting disease episode of the '80s in
the Great Bay, the amount of seston removed by the 1989 eelgrass population
was standardized to the area of Great Bay (Short et al. 1993). The amount of
seston removed was divided the area (ha) of Great Bay to determine the kg
seston • ha'1 • hr"1 removed by eelgrass (equation 5).
Results
The results of the filtration rate calculations demonstrated the ability of
eelgrass and oysters to remove large amounts of seston from the water column.
The mean calculated filtration rate for eelgrass was 0.31 g • g"1 • hr"1 and the
mean calculated filtration rate for oysters was 0.60 g • ind.'1 • hr"1.
The four major oyster reefs located in Great Bay, NH, range in size in from
the smallest, the Squamscott River reef, at 0.77 ha to the largest, the Nannie
Island reef, which has an area of 9.99 ha (Table 7) (Trowbridge 2005). The four
major reefs ranged from 0.4 oysters per quarter m2 at Nannie Island in 2004 to 3

'
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oysters per quarter m at Woodman Point in 2004. In 2005, the least dense of
the oyster reefs in Great Bay was Nannie Island with a density of 1 oyster per
quarter m2 while the densest reef was located at the mouth of the Squamscott
River and had 40.25 oysters per quarter m2. The density of the oyster reefs
varied from 1.6 oysters • m"2 at Nannie Island to 12 oysters • m"2 at Woodman
Point in 2004, and in 2005 the range of oyster densities was from 4 oysters • m"2
at Nannie Island to 161 oysters • m"2 at the Squamscott River reef (Table 7). All
oyster densities are for harvestable size oysters (>81 mm shell height only).
Table 7. Four main oyster reefs in Great Bay with the area (Trowbridge 2005) and density (Smith
unpublished data) from 2004 and 2005.
Density
Year Area
Area (ha) Density
#of
Reef
(oysters • Individual
(m2)
(oysters •
m"V
0.25m"2)
Oysters (l0)
Not
Not
Squamscott
2004 Not
Not
Not Sampled
River
Sampled
Sampled Sampled Sampled
Nannie Island 2004 99,957
9.99
0.4
1.6
159,931
Woodman
2004 29,542
2.95
3
12
354,504
Point
7
Adams Point
2004 53,014
5.30
1.75
371,098
18.24
1.21
4.85
Total Great
2004 182,513
885,533
Bay
0.77
Squamscott
40.25
161
1,237,929
2005 7,689
River
4
Nannie Island 2005 99,957
9.99
1
399,828
Woodman
2.95
531,756
2005 29,542
4.5
18
Point
34
5.30
8.5
1,802,476
Adams Point
2005 53,014
20.88
Total Great
190,202
19.01
5.22
3,971,989
2005
Bay

The area of eelgrass in Great Bay mapped and calculated from aerial
photography was 831.44 ha in 2004 and increased to 894.78 ha in 2005 (Table
8). The areas of the four cover classes used to map the bay are presented in
Table 8, with their corresponding biomass estimates. The weight of eelgrass in
Great Bay was 963,921 kg in 2004 and 840,148 kg in 2005 (Table 8). Although
the area of eelgrass increased from 2004 to 2005, the weight of eelgrass present

in the bay decreased; this was the result of the change in area in the various
eelgrass cover classes (Table 8).
Table 8. Biomass estimates for the fourcover classes of eelgrass in Great Bay for 2004 and 2005
with the corresponding areas and weight of eelgrass for each cover class (Short unpublished
data. www.qranit.unh.edu/#).
'
Year Cover Class Biomass
Area of Eelgrass
We (Weight of Eelgrass (kg))
(ha)
Estimates
(kg* ha 1 )
2004 10-30%
158.73
39,683
250
2004
2004

30-60%
60-90%

550
850

217.73
201.72

119,752
171,462

2004
2004
2005
2005
2005
2005
2005

90-100%
All
10-30%
30-60%
60-90%
90-100%
All

2,500

253.21
831.44
162.56
293.15
278.43
160.65
894.78

633,025
963,921
40,641
161,230
236,665
401,613
840,148

250
550
850
2,500

('

Application of the calculated filtration rates to the oyster population of
Great Bay demonstrated the potential filtration was 532 kg seston removed • hr"1
in 2004 and 2,383 kg seston removed • hr in 2005 (Table 9). Potential eelgrass
filtration in 2004 was calculated to be 302,000 kg seston removed • hr"1. In 2005,
eelgrass was shown to remove 263,000 kg • hr'1 (Table 9). Standardization of
the filtration rates to the area of Great Bay revealed that eelgrass could
potentially remove 64 kg seston • ha"1 • hr"1 in 2004 and 55 kg seston • ha"1 • hr"1
in 2005 in Great Bay (Table 9). The calculation also demonstrated the potential
of oysters to remove 0.11 kg • ha'1 • hr"1 and 0.50 kg • ha'1 • hr"1 in 2004 and
2005, respectively (Table 9). The filtration for the entire Great Bay, eelgrass +
oyster filtration, in 2004 was potentially 302,532 kg • hr'1 and in 2005 the
potential filtration of the bay was 265,383 kg • hr"1 (Table 9). Standardization of
the bay wide filtration rates to the area of Great Bay revealed that 64.11 kg
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seston • ha"1 • hr"1 were potentially removed in 2004 and 55.50 kg seston • ha"1 •
hr"1 in 2005 (Table 9).
Table 9. Calculated filtration rates for oysters, eelgrass and the combination of the two habitats
within Great Bay per hour and per hour standardized to the area of each habitat within Great Bay
in 2004 and 2005.
Eelgrass
Great Bay
Year
Oysters
rnae0
FRae
FReo
FRogb (kg FFWkg
FRegb
(kq • ha •
•ha" 1 »
• hr)
(kgi
(kg • ha" •
(kg'hr' 1 )
• hr'1)
hr)
hr-1)
hr)
64
302,532
64.11
2004 532
0.11
302,000
55
265,383
2005 2,383
0.50
263,000
55.50

The potential daily removal rates for eelgrass and oysters in Great Bay
were 9,032 kg • day"1 for oysters in 2004 to 40,514 kg • day"1 for oysters in 2005.
The potential removal for eelgrass varied from 7,246,000 kg • day"1 in 2004 to
6,315,000 kg •day'1 in 2005 (Table 10). Standardized to the hectares of Great
Bay, oysters had the potential to remove 2 kg • ha"1 -day"1 in 2004 and 9kg • ha"1
•day'1 in 2005, while eelgrass potentially removed 1,526kg • ha"1 • day"1 in 2004
and 1,330 kg • ha"1 • day"1 2005 (Table 10). Application of these daily filtration
rates to the seston loads of Great Bay revealed that in 2004 oysters could only
remove 0.01 % of the Great Bay seston load, while eelgrass in 2004 could
remove 8.20% of the seston load (Table 11). Oysters showed an increase in the
potential percent removal for 2005, the percent removed by oysters was
calculated to be 0.05%, while eelgrass showed a decrease in its potential percent
removal to 7.15% of the Great Bay seston load (Table 11). Employing the daily
removal rates it was determined that it would take the oyster population of Great
Bay 407 days to filter the entire volume of the bay in 2004 while the oyster
population of 2005 required only 91 days to filter the entire volume (Table 11).
The same calculation predicted that in 2004 eelgrass would filter the entire
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volume of Great Bay in 0.51 day and in 2005 it would take 0.58 day for the
eelgrass population to filter the entire volume of the bay (Table 11). The
combination of the eelgrass and oyster populations were not measurably
different from eelgrass alone and in 2004 were predicted to filter the entire
volume of the bay 0.51 day, while the combination of eelgrass and oysters was
predicted to filter the entire volume in 0.58 day in 2005 (Table 11).
Table 10. Potential seston removed for oysters, eelgrass and the combination of oysters and
eelgrass in the Great Bay per day and per day standardized to the area of Great Bay.
Year Oysters
Eelgrass
Total for
Oysters
Eelgrass
Total for
Great
(FR0d)
(FRec) (kg • Great Bay
(FRaod)
(FRaed)
^kg«day" day 1 )
Bay
(kg;
(kg • ha 1
(FReod) (kg •
day"1)
ha'1 • day 1 ) day"1)
(FRaeod)
(kg • ha'1
•day' 1 )
2004 9,032
7,246,000
7,255,032
1,528
1,526
6,315,000 I 6,355,514
1,339'
2005 40,514
1,330
Table 11. Percent of the daily seston load potentially
combination of oysters and eelgrass.
Year
Oyster
Oysters
Eelgrass
s (%R0) (D0)
(%Re)
2004
0.01
407
8.20
2005
0.05
91
7.15

removed by oysters, eelgrass and the
Eelgrass (De)

Total (%Reo)

0.51
0.58

8.21
7.20

Total
(Deo)
0.51
0.58

Potential seston removal for oysters within the Great Bay Estuary
calculated from the population estimates from Odell et al. (2006) revealed large
•
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differences between the amounts of seston that historic (early 1900's) and
current oyster populations could potentially remove (Table 12,13). The historic
population of oysters had the potential to remove{ 95 kg • ha'1 • hr'1 within Great
Bay, this amount has declined over the last century and my calculations, predict
that current populations from Odell et al. (2006) could only remove 3 kg • ha"1 •
hr"1 employing the filtration calculated during this experiment (Table 13). The
hourly removal rates for the oyster populations of Great Bay were then used to
determine the potential daily removal rates of seston for the historic and current

populations, which were 7,677,374 kg • day"1 and 206,612 kg • day"1 respectively
(Table 13). Application of these daily filtration rates to the s'eston loads of Great
Bay revealed that historically oysters could remove 8.69% of the Great Bay
seston load, while current populations could potentially remove 0.23% of the
seston load (Table 13).
Table 12. Area and density of oysters historically (early 1900's) and currently
(2006) for Great Bay.
Reef
Oyster Population
Are
Density
Area (m^)
a
(oysters •m"2)
(ha)
Great
Historic (Early
3,759,530 376
200
Bay
1900's)
Great
Current
40
50
404,686
Bay

presented by Odell
# of Individual
Oysters (l0)
751,906,000
20,234,300

Table 13. Filtration rates calculated for the oyster population of Great Bay employing the
population numbers provided by Odell et al. (2006) and the filtration rate calculated for an
individual oyster during this study. (FRogb= FR0 x I 0I FR ao = FRogb / Agb, FR0Cj = FRogbx 17, FRa0d:
FR ao x17)
Oyster
#of
%R0
FRao FR0d
FRo(g« FRogb
FRaod
1
Population
Individual
(kg •
ind"1»
(kg
•
ha"
{kg • hr" (kgOysters (l0)
day"1)
ha"1
hr"1)
• day"1)
•hr"
Historic
(Early 1900's)
Current

751,906,000

0.60

451,610

95

7,677,374

1,617

8.69

20,234,300

0.60

12,154

3

206,612

44

0.23

The outbreak of the eelgrass wasting disease in 1980's reduced the
eelgrass population in Great Bay to 20% of the current distribution and weight,
leaving the population at 172.62 ha and 180, 411 kg respectively. Using the
area and weight of the 1989 population of eelgrass the low point following the
outbreak of the wasting disease (Short et al. 1993), it was determined that it had
the potential to remove 56,503 kg • hr"1 (Table 14). Standardizing the removal
rates to the hectares of Great Bay revealed that the eelgrass in Great Bay could
potentially remove 12 kg • ha"1 • hr"1 (Table 14). Using eelgrass's potential

removal rate our calculations revealed that the population of eelgrass in Great
Bay in 1989 could only remove 1,356,000 kg • day"1 or 286 kg • ha'1 • day'1
(Table 14). Application of the potential daily removal rate for eelgrass following
the outbreak of the wasting disease to the estimated daily seston load of the
Great Bay demonstrated the eelgrass population could only potentially remove
1.54% of the seston load per day (Table 14).
Table 14. Filtration rate calculated for the eelgrass population of Great Bay following the outbreak
of wasting disease
FRe (kg • hr"')
FRae(kgFR?ed (kg * %Re
FRed (kg •
day 1 )
ha"T • hr"1)
ha"T'day"1)
1.54
1989 Eelgrass 56,503
12
1,356,000
286
Population

Discussion
The filtration rate calculations demonstrated the populations of eelgrass
and oysters within Great Bay have the capability to remove large amounts of
seston from the water column. In a twenty-four hour period, populations of
eelgrass and oysters in Great Bay collectively could have removed as much as
7,255,032 and 6,355,514 kg of seston from the water column in 2004 and 2005
respectively (Table 10). The populations of eelgrass and oysters within Great
Bay not only have the ability to remove large amounts of seston, but also a
substantial percentage of the mean daily seston load of Great Bay (Table 11)
(Trowbridge 2005, Trowbridge 2007).
Comparison of the two habitats demonstrated differences between the
potential amount of seston removed by the eelgrass and oyster populations of
Great Bay. The eelgrass population in Great Bay in 2004 and 2005 filtered a

great deal more seston out of the water column than the oyster population of the
same year was calculated to have removed from the water column. In 2004 it
was calculated that eelgrass could potentially remove as much as 1,526 kg
seston • ha"1 • day"1, where as oysters could only remove 2 kg seston • ha"1 • day"
1

(Table 10), revealing that the eelgrass population of Great Bay could potentially

remove nearly 763 times the kg seston • ha"1 • day"1 as the oyster population.
The large differences in the kg of seston that eelgrass could potentially remove
from Great Bay compared to the oyster population demonstrated a drastic
difference in the percent of the daily seston loads these habitats could potentially
remove from the water column, with eelgrass removing 8.20% of the daily load
while oysters only removed 0.01% (Table 11). In 2005 the area of oyster reef in
Great Bay used to calculate potential filtration increased as result of the
Squamscott River Reef being sampled (Table 8), which was coupled with an
increase in the potential filtration for oysters in 2005 (Table 10) to 9 kg «ha"1 •
day"1. The increases in oyster reef area and potential kg filtered of seston • ha"1 •
day"1 resulted in an increase in the percent of daily seston load that oysters could
potentially remove from the water column in 2005, the resulting percentage was
0.05% (Table 11). Like the area of oyster reefs, the area eelgrass also increased
from 2004 to 2005 (Table 9); unlike oysters, however, the potential filtration
predicted for eelgrass showed a decrease from 2004 to 2005, to 1,330 kg • ha"1 •
day"1 in 2005 (Table 10). The decrease in the potential amount seston removed •
ha"1 • day"1 also caused a decrease in the percent of the daily seston load
eelgrass could potentially remove to 7.15% in 2005 (Table 11). The predicted
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decrease in eelgrass filtration between 2004 and 2005 was a result of a decrease
in biomass of eelgrass throughout Great Bay. The population of eelgrass within
the bay expanded in area between these two years but the overall biomass
showed a decline (Table 9). The decline in eelgrass biomass was as a result of
increased terrestrial run-off, leading to increases in turbidity and nutrients
causing a decrease in water clarity in the bay (Trowbridge 2006). The health and
productivity of eelgrass is directly affected by the water clarity of an estuary and
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the loss of water clarity caused by increased terrestrial run-off would result in a
decrease in eelgrass health that would lead to decreases in eelgrass biomass
within Great Bay. The decrease in eelgrass biomass between 2004 and 2005
resulted in the decrease in eelgrass filtration between these years, because
eelgrass filtration is calculated based on the weight of eelgrass present in the
bay. The increase in potential oyster^iltration and decrease in potential eelgrass
filtration between 2004 and 2005, revealed that in 2005 eelgrass could have
.
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potentially removed 148 times the"kg seston • ha'1 • day"1 that oysters could have
compared to in 2004 when eelgrass removed 763 times the kg seston • ha"1 •
day"1 that oysters did (Table 10). Comparison of the calculations for 2004 and
2005 demonstrated that although the difference in the area of the bay covered by
eelgrass meadows and oysters reefs did not change that much (Table 8, 9), the
potential percent of the daily seston load removed by these habitats did change
between the two years (Table 11). The filtration by eelgrass and oysters can be
an important natural mechanism of clearing the water column of seston and
increasing the percent light reaching the eelgrass canopy (Chapter One). The
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demonstrated ability of eelgrass to remove substantially more seston from the
water column of Great Bay (Table 10), provides evidence that eelgrass can serve
as an important link between the benthic and pelagic environments, increasing
sedimentation and bringing nutrients from the water column to benthic sediments
(Agawin and Duarte 2002).
While the eelgrass population of Great Bay remained relatively constant
between 2004 and 2005 and actually showed a slight increase in area (Table 8),
in 1980's the same population experienced a severe decline following an
outbreak of the eelgrass wasting disease, caused by a marine slime mold,
Labyrinthula zosterae, the population is estimated to have been reduced to
approximately 20% of 2004/2005 population (Short et al. 1986, Short et al. 1993,
Odell et al. 2006). The major die-off of eelgrass led to a subsequent loss of
ecosystem goods and services provided by the eelgrass meadows in the bay.
Using the filtration rates calculated during this experiment it was predicted that
eelgrass meadows in Great Bay in 1989 only had the ability to remove 1,356,000
kg • day"1, which would account for approximately 1.54% of the daily seston load
within the bay (Table 14). In comparison the same calculations predicted that in
2004 and 2005 these populations could potentially remove 7,246,000 and
6,315,000 kg • day'1 accounting for 8.20 and 7.15% of the daily seston load
respectively (Table 10,11). The reduced filtration following the outbreak of
wasting disease and the subsequent die-off of eelgrass shows the importance of
eelgrass in removing seston from the water column. The potential for increased
water column seston concentrations following the wasting disease outbreak
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would have decreased the light reaching the eelgrass canopy and potentially
\

increased the loss of eelgrass due to the lack of light. The increased seston
remoyal following the recovery of eelgrass could potentially have led to an
increase in the percent surface light reaching the eelgrass canopy (Chapter
One), directly benefiting the health and productivity eelgrass (Mateo et al. 2006).
The oyster population of Great Bay, like the eelgrass population, has
shown a severe decline over time due to disease (Trowbridge 2005, Odell et al. \
2006); Odell et al. (2006) in an attempt to quantify one of the ecological services
provided by oyster reefs in the Great Bay calculated their current and historic
(early T900's) filtration potential and presented the percent of the daily seston
load that the populations could remove from the water column. Historically the
oyster population of Great Bay could filter 27% of the daily seston load,
according to the calculations of Odell et al. (2006). However applying the
filtration rates for oysters calculated during this study to the population numbers
presented by Odell et al. (2006) (Table 12), contradicted the numbers presented
by Odell et al. (2006) and predicted that the historic population of oysters within
Great Bay could only remove 8.69% of the daily seston load (Table 13).
Conducting the same comparison for today's population of oysters within Great
Bay, Odell et al. (2006) predicted that the oysters could potentially remove 0.7%
of the daily seston load, while this study predicted 0.23% of the daily seston load
would be removed by oysters (Table 13). Odell et al. (2006) mostly likely over '
estimated the percent of the daily seston load that oysters could remove from the
water column, because of the method and rate used to predict potential filtration.
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The filtration rate employed by Odell et al. (2006) is based on the numbers
presented in Newell (1988), where Newell (1988) says that oysters can filter 5 L •
hr"1 ».g"1 dry tissue weight. In order to avoid overestimation Odell et al. (2006)
employed a slightly more conservative figure of 3 L • oyster"1 • hr"1, however the
problem is that Odell et al. (2006) took a figure for g tissue dry weight and
applied it to an individual oyster. The application of a filtration rate based on a
gram of dry tissue to an individual oyster may have led to a large overestimation
if the mean weight of the average oyster in Great Bay is less than one gram. The
other major issue potentially causing Odell et al. (2006) to overestimate oyster
filtration in Great Bay is the amount of time each oyster was assumed to filtering
in a day. bdell et al. (2006) assumed oysters were filtering non-stop for twentyfour hours a day, which is at least four hours too long (Harsh and Luckenbach
1999), therefore the estimates of filtration could be quite exaggerated. The
differences in the percent of the daily seston load that this study and the
overestimations provided by Odell et al. (2006) demonstrate the importance of
developing a consistent and universal method for describing the effect of oyster
filtration on water column seston loads.
The eastern oyster can be found in a variety of estuaries along the east
coast of the United States, in these estuaries as in The Great Bay Estuary
oysters provide a number of ecological services, including filtration of the water
column (Newell 1988, French McCay and Rowe 2003, Porter et al. 2004, Grizzle
et al. 2006). In the Chesapeake Bay massive exploitation (fishing) has drastically
reduced the population of oysters, in Newell (1988) similar calculations to those
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presented here were conducted to determine the number of days it would take
the pre and post exploitation populations of oysters to filter the entire water
column of the estuary. Newell (1988) found that historically oysters in the
Chesapeake Bay could potentially filter the entire water column in 2.5 and 4.4
days for pre-1870 and 1880's populations respectively. Subsequent to massive
exploitations of the oysters stocks within the Chesapeake Bay, currently the
calculations predict that it would take nearly 244.5 days to filter the entire volume
of Chesapeake Bay (Newell 1988). In contrast in this study I calculated that the
j-
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oyster populations of Great Bay, a much smaller estuary, could filter the entire
volume of the water column in 407 and 91 days in 2004 and 2005 respectively.
When the potential filtration of eelgrass was combined with that of the oyster
population it was determined that it would only take 0.51 and 0.58 days to filter
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the entire bay in 2004 and 2005 respectively.^ The overall contribution of oyster
filtration was minimal when combined with the filtration of eelgrass to determine
the number days required to filter the entire volume of Great Bay, demonstrated
by the large difference in the kg removed • day"1 between the oyster and eelgrass
populations of Great Bay in both 2004 and 2005 (Table 10) as well the difference
in the area of benthic habitat occupied by eelgrass and oysters (Tables 7, 8). My
results suggest that if eelgrass filtration were added to the calculations of Newell
(1988) the number of days required to the filter the entire Chesapeake Bay would
drop dramatically.
The importance of quantifying seston removal by biological filters goes
beyond simply determining how much seston can be removed from the water
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column or how many days it will take to filter the entire water column of an
estuary. Over the last several decades as land-derived seston loads to estuaries
have been increasing (Short and Wyllie-Echeverria 1996) the ecological and
management implications of determining the filtration and/or clearance rates of
populations of biological filters has gained importance. Both to help determine
the levels of terrestrial run-off above which biological filters will no longer be able
to remove adequate amounts of seston and to aid in determining the necessary
areas and extent to which these important estuarine components need to be
managed, conserved and restored.
The filtration rates presented here were calculated from a series of
mesocosm experiments designed to investigate water column filtration in a
temperate estuarine system. While the mesocosms function as realistic
representation of the natural ecosystem, they do present several limitations
which need to be taken into account as the results of my study are interpreted
and applied in restoration and management strategies going forward. One major
limitation of predicting bay wide seston removal from filtration rates calculated in
the mesocosm tanks is the hydrodynamic limitations presented by recreating the
natural environment in an enclosed mesocosm tank. Each mesocosm tank
contained two pumps that created a continuous current; however the natural
ecosystem's hydrodynamic regime is more complex than simply currents move
over the benthic habitat in a single uniform direction. The hydrodynamic regime
present in Great Bay would therefore be more complex than the simple one
created in the mesocosm tanks, including current speeds and directions shifting
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over time and space affecting the concentration of seston in suspension in the
water column. In addition to the mesocosm tanks having a simplistic current
regime, the set-up employed to investigate filtration rates also lacked waves and
tides that would exist in the natural environment, and the amount seston
removed calculated during my study does take into account the effect of waves
and tides. In Great Bay tides and waves can both lead to the resuspension of
benthic sediments, and increase the seston concentration of the water column.
While my calculations employed a mean daily seston concentration it did not take
into account resuspension, it assumed that once particles were removed from the
water column they were permanently removed from suspension and remained on
the benthic sediment. The last major limitation in applying the filtration rates
calculated in my mesocosm tanks to the natural ecosystem of Great Bay is
specific to the eelgrass habitat. In the experimental mesocdsm tanks the
eelgrass present was always upright in the water column, slightly bent over due
to the movement of water caused by the pumps. However portions of the
eelgrass in Great Bay sometimes lay flat on the benthic surface due to changes
in water column depth caused by the natural movement of water from tides.
Therefore the amount of seston removed by eelgrass calculated in my study
( assumes that the entire eelgrass population of Great Bay is always entirely
subtidal and that the middle of the meadow has the same effect on water
movement as the edge of the meadow.
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Conclusion
The results of my study demonstrate the potential for eelgrass and oysters
to remove large amounts of seston from the estuarine water column. While
limitations exist for applying the filtration rates calculated during this study to the
Great Bay, the general pattern showed eelgrass has the potential to remove
much larger amounts of seston than oysters on both an hourly and areal basis.
Comparison of the results of my study and those of similar studies highlight the
need to determine a uniform and consistent way to predict estuarine filtration if
these calculations are going to be used as restoration and management tools in
future conservation efforts.
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